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A triple-bed combined circulating fluidized bed (TBCFB) system, which is composed of a downer, a bub-
bling fluidized bed (BFB), and a riser, is proposed for the pyrolysis and gasification of coal and biomass.
In order to effectively utilize the heat energy produced by the combustion of the char in the riser for the
pyrolysis of coal/biomass in the downer and/or gasification of char in the BFB, a high solids mass flux and
a large solids holdup are necessary. An analysis of the overall pressure balance around the TBCFB was
presented for predicting the maximum achievable solid mass flux under given experimental conditions.
The effects of solids inventory, particle physical properties, and gas seal structures on the solids mass
flux and the solids holdup were discussed. A correlation for the prediction of solids mass flux in the range
of 200-400 kg/m? s in the riser under operating conditions was developed based on experimental data

from the literature and our laboratory.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Circulating fluidized bed (CFB) has been investigated exten-
sively for the past several decades due to its added advantages over
conventional fluidized bed reactors such as bubbling and turbu-
lent fluidized beds and its widely practical applications in many
gas-solid contacting processes such as combustion, coal/biomass
gasification and catalytic reactions. Recently, CFBs with high solids
mass fluxes (Gs 2200 kg/m? s) and/or high solids holdups (&5 >0.1)
were considered as promising equipments for some special pro-
cesses such as production of maleic anhydride and catalytic
cracking of residue/heavy oil which require a higher catalytic/oil
ratio [1-6]. In order to differentiate the CFBs operated at low solids
fluxes (Gs <200 kg/m? s) and/or low solids holdups (&5 <0.03), Zhu
and Bi [1,2] proposed a concept of “high-density circulating flu-
idized bed (HDCFB)” and had undertaken a series of studies of
HDCFB in their research group [7,8]. Grace et al. [3] named the
HDCFB regime as “dense-suspension upflow (DSU)” to represent
a CFB condition based on the concept of high-density risers studied
by Bi and Zhu, and used the following correlation to describe the
transition from the fast fluidization regime to the DSU regime:

Ugr.psu = 0.0113G{ 192 p 1964111, (p, — )] 70054 )
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Table 1 shows the data reported on the CFBs with high solids
mass fluxes [9-21]. However, in the riser of these CFB systems, only
a few results suggested that a high solids holdup (&5 20.1) was also
formed along the entire riser. In general, a dense bottom region
(&s 20.1)and adilute upperregion (&5 < 0.05) were formed along the
riser, especially when solid particle with a high density such as sand
was used. Wang et al. [12] developed a high solids flux CFB with
a ©0.06 m x 5 m-high riser, and sand particles with a density of
2700 kg/m3 and an average particle size of 140 wm were used as bed
materials. The solids holdup was over 0.1 only below the measured
elevation of 1.9 m at the bottom region even when the G5 was over
355kg/m?s. Liu et al. [13] designed a new type CFB by coupling a
moving bed to the bottom section of the riser in order to obtain high
solids mass fluxes when using sand particles as bed materials. The
similar solid holdup distribution in the riser was observed when
the Gs was 370 kg/m? s. Other experimental investigations on high
solids flux CFBs using FCC particles as bed materials also showed the
similar characteristics [19-21]. Thus, a high solids flux CFB should
not completely equal to a high density CFB. In many cases, DSU
and fast fluidization regimes could co-exist in the riser for a given
operation condition.

Recently, dual-bed circulating fluidized bed (DBCFB) gasifier,
which was proposed in the 1980s, received renewed interest in the
high efficiency coal/biomass gasification process for the production
of high quality syngas [22-29]. In DBCFB gasifier, coal/biomass can
be pyrolyzed/gasified in one bed and the unreacted char is moved
to the other bed and combusted in air or pure oxygen flow to gen-
erate heat. The produced heat is carried by inert solid particles and
moved to the gasifier bed for coal/biomass pyrolysis/gasification.
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Table 1
Experimental data with a high solids mass flux in the range of 200-400 kg/m? s in the literature.
H; (m) D; (m) dp (m) pp (kg/m?) Ugr (m/s) Gs (kg/m?s) Reference

10.5 0.1 461 2710 10-11.5 200-215 Qietal. [9]

5.75 0.12 89 2540 5-6 200-250 Mastellone and Arena [10]

10.5 0.4 90 2543 4.9-6 211-264 Arenaetal. [11]

5 0.06 140 2700 7.6-10.2 230-395 Wang et al. [12]

12 0.09 378 2600 9.6 370 Liu et al. [13]

15.3 0.1 67 1500 5-10.3 200-230 Qi et al. [9]

10 0.076 67 1500 5.5-10 200-400 Yan and Zhu [14]

Parssinen and Zhu [15]
6.1 0.076 70 1600 4-8 200-400 Issangya et al. [16]

10 0.254 65 1380 7.47 206.3 Ouyang and Potter [17]
7.2 0.076 60 881 4.6 212 Yerushalmi and Cankurt [18]
4.5 0.05 70 1740 7-9 240-360 Kim et al. [19]

5.9 0.203 70 1700 6 250-345 Kim et al. [20]
7 0.14 89 1740 4.7 229-264 Malcus et al. [21]
6 0.05 83 2600 5-8 200-333 This work

In order to use the heat efficiently, DBCFB gasifier should be oper-
ated at a high solids mass flux [30,31]. On the other hand, when the
pyrolysis and gasification were carried out at the same bed, the pro-
duced tar, light hydrocarbon gases and inorganic gases at the initial
coal/biomass pyrolysis stage could severely hinder the gasification
of the char [32-34]. Thus, in order to maintain the catalyst activity
and/or to enhance the efficiency of char gasification, the produced
volatiles in pyrolysis stage should be separated with the remain-
ing char. In our study, a triple-bed combined circulating fluidized
bed (TBCFB) system, which is composed of a downer, a bubbling
fluidized bed (BFB), and a riser, is proposed. The coal/biomass is
pyrolyzed rapidly in the downer at first, and then, the obtained
gas and tar are separated from the char using a gas-solid sepa-
rator. The char enters the BFB to be gasified with the steam in a
relatively long residence time. The unreacted char is moved into
the riser and partially or completely oxidized with oxygen or air.
The produced heat is also carried by inert solid medium such as
sand, and circulated into the downer and the BFB to provide the
heat needed in the pyrolysis and gasification processes. In order to
effectively utilize the heat energy produced by the combustion of
the char in the riser for the pyrolysis of coal/biomass in the downer
and/or steam gasification of char in the BFB, a high solids mass
flux and a large solids holdup are also required in this system. In
the present study, such a TBCFB coal/biomass gasifier cold model
was set up, and the flow behaviors were investigated. In order to
predict the maximum achievable solid mass flux under given exper-
imental conditions, the overall pressure balance around the TBCFB
was analyzed. A correlation for the prediction of high solids mass
flux in the riser under operating conditions was obtained based on
experimental data from the literature and our experiments.

2. Experimental

As shown in Fig. 1, the TBCFB experimental system is composed
of an acrylic riser (0.05m-1.D. x 6 m-high), a solid distributor for
downer, a downer (0.1 m-L.D. x 1.3 m), a gas-solid separator, and
a BFB (0.37 m x 0.08 m x 1.5 m). When a practical TBCFB gasifier is
designed, gas seal, which controls the flow of particles from one
bed to the other while prevents the gas from intermixing between
the beds, should be considered [27,28]. In this TBCFB cold model, as
suggested by Xu et al. [27], the seal structure between the BFB and
the riser (seal BR) was designed as a siphon, and the seal between
the downer and the BFB (seal DB) was performed by inserting the
dipleg (0.05 m-1.D. x 0.65 m) of gas-solids separator into the BFB.
The seal between the riser and the downer (seal RD) was realized
by adjusting the openness of a mechanical valve to form a mov-
ing bed layer which blocks the gas from the riser to the downer
but keeps the particles freely flowing into the downer. Two kinds

of sand particles with a density of 2600 kg/m> and average par-
ticle sizes of 83 (terminal velocity U;=0.4354m/s) and 320 um
(Ur=2.403m/s), respectively, were used as bed materials. During
the operation, solids from the BFB passed through the seal BR and
flowed into the riser, and then, were carried upwards by air along
the riser tube. At the top of the riser, the solids passed through a
smooth elbow into a cyclone for gas-solid separation. At the top of
the downer, the solids passed through the seal RD and were redis-
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Fig. 1. Schematic diagram of the experimental apparatus.
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tributed by a solids distributor located below the seal RD. The solids
were overflow into 7 vertically positioned brass tubes with an inner
diameter of 15 mm with the assistance of minimum fluidization
gas. The downward flow air was introduced into the downer at the
entrance of the downer. The co-current down-flow gas-solid flowed
down along the downer, and at the end of the downer, the solids
were separated from the gas by a quick inertial separator with an
efficiency of more than 96% and returned to the BFB through the
seal DB. The solids entrained by the gas at the gas-solids separa-
tor was further separated by a cyclone and returned to the BFB.
The superficial gas velocities of the riser and the downer ranged
from 3 to 8 m/s and from 0 to 5m/s, respectively, but that of BFB
(Up) was fixed at 5 x Upys. 16 pressure taps were installed along the
TBCFB systems as shown in Fig. 1 and differential pressure sensors
(Keyence Corp., AP48) were used. The output signals from the dif-
ferential pressure sensors were acquired at a sampling frequency of
50Hz via a data acquisition system (CONTEC, AIO-163202FX) and
a laptop computer. When wall friction and solids acceleration are
neglected, the apparent solids holdup can be determined by mea-
suring the average differential pressures across the sections of the
bed and equating the static pressure drop to the bulk weight in the
bed sections, i.e.

AP
AH = Pp&sg + Pg(1 —&)g (2)

As reported in the literature [4-9,12-16], solids mass flux (Gs)
was measured using a butterfly valve with amounts of accumulated
particles for a given time period within several seconds, and deter-
mined from the mean value with 10 times measurements at steady
state. It should be noted that the real G should be greater than the
measured one using this method.

3. Pressure balance of the TBCFB loop

The TBCFB system shown in Fig. 1 was represented in a simple
manner as illustrated in Fig. 2 in order to analyze the pressure bal-
ance along it. In the present model, the pressures at the exit of the
cyclone of the riser, the outlet of the gas-separator of the downer,
and the upper zone of BFB can be taken as reference pressures since
they were opened to the air, i.e.,

Pc=P;=P; (3)

Thus, the stable circulating of the solids in this TBCFB system is
mainly determined by the pressure balance between the riser and
the BFB.

In a stable operation, the surface of the seal DB can be considered
as the same level of that of the BFB. The solids holdup in the seal
DB (&4p) can be assumed to be the same as that in the seal BR (&),
ie,

Edb = Ebr = Eseal (4)

Furthermore, the exit effect of the seals and the effect of particles
existed in the space above the moving bed seal in the dipleg of the
gas-solids separator on the pressure balance between the riser and
the BFB are neglected. Since the gas velocity and particle moving
velocity in the BFB as well as in the seal are relatively low, pressure
drops caused by gas-wall friction and particle-wall friction are also
neglected. Based on these assumptions, the pressure head at the
exit of the seal BR to the riser can be calculated by:

Pd = [ppgseal + pg(l - gseal)]g(Hdb - Hbr)
+[opésp + Pg(1 — &sp)lg(Hprs — Hap) (5)

where Hggg is the height of bubbling fluidized bed at an operation
state. Since the cross area of the BFB is much larger than those of
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Fig. 2. Pressure balance of the TBCFB system.

the riser and the downer, Hgrg can be assumed as a constant during
the operation for a fixed solids inventory.

According to our previous experimental study [35] and the
results in the literature [9-21], a relatively dense solids phase gen-
erally formed at the bottom of the riser while a dilute solids phase
formed in the upper area even when the solids mass flux was over
350kg/m? s. Thus, the riser is axially divided into the lower dense
area and the upper dilute area in this model. Many correlations for
estimating solids holdup along the riser are available in the litera-
ture [36,37]. Regarding to the riser operated at a high solids mass
flux, Bai and Kato [36] developed general correlations to predic-
tion of solids holdups at the dense and dilute areas, which have
been identified to be applicable in a wide range of operating con-
ditions [36-38]. Based on these assumptions, the pressure head at
the bottom of the riser, Pr, can be calculated by:

Pr = [psgs,den + pg(l - Ss,den)]ghden + [psgs,dil + :Og(l - 8s,dil)]ghdil
+ APc + APy + APgs + Apac (6)

where & 40, and & 45 are average solids holdups in the dense and
in the dilute phase areas of the riser, respectively, and can be esti-
mated by the following equations [36]:

Ua. 113 _ ~0.013

E5,den = [1 +0.103(p”65g’) (p”pgpg> & 7)
Uir 05 B -0.082

&s.dil = [1 +o.208<p"csgr> (p”pgpg> & (8)
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where

e* = L
op(Ugr — Ut)

hgen and hg; in Eq. (6) are the heights of the dense and the dilute

phase sections respectively, and can be calculated using the follow-
ing equations [39]:

9)

1.2
Gs (Ugr —U ) ~1.45 020
hgen = 360 Re, ™ 10
den (,Oput) U; ] p ( )
where
d,U,
Rep = ApUsrPg (11)
Hg
and
hgit = hr — hgen (12)

The pressure drops, AP, AP, APg, and Apge are the cyclone
pressure drop, the pressure drop due to gas-wall friction, the pres-
sure drop due to particle-wall friction, and the pressure drop due to
particle acceleration, respectively. The amount of solids held in the
cyclone could be neglected, and the pressure drop over the cyclone
is assumed to be dependent on the gas velocity. Thus, the pressure
drop across the cyclone can be estimated by [7]:

AP = kpgU3, (13)

where k is depended on the cyclone structure. For CFB cyclone, it is
recommended that Uy can be taken as the superficial gas velocity
of the riser (Ugr) and k=25 [1,7,38].

The solids holdup in the connection tube between the riser and
the cyclone is assumed to be the same as that in the upper area of
the riser. Then, the pressure drop due to gas-wall friction can be
estimated by Fanning equation as following [7]:

h
APy = 2fg(1 — Ss,den)pguér < den)

Dy
hai +L
+2fy(1 - s apsU} (155 ) (14)
where
0.079 D;Ugr pg
fe = roo313" Re:Tg>23OO (15)
16
= <
fe=qg» Re=2300 (16)

In general, pressure drop due to gas-wall friction is usually a rel-
atively minor component in the whole pressure balance. Thus, we
also used this simple approach here.

The pressure drop due to particle-wall friction can be calculated
by the equation proposed by Konno and Saito [40],

Gs
APg =0.057g(Hy + Lg)——— (17)
s gy + Lg
v/ &Dr
which is generally used for the riser.

The pressure drop due to the particle acceleration is generally
estimated by [7]

G

Es,ave Ps

APge = (18)

Here, the following equation to calculate &g gve is used in this model

&s,denNden + s, dithdil (19)
haen + hait

Es,ave =

For the present TBCFB system, no solids control valve is set
between the BFB and the riser. Under steady state operation, Py
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Fig. 3. Relationship of G; and the pressure difference between the bottom of BFB
and the exit of seal RB to riser.

can be considered to be equal to P; in order to maintain a pressure
balance in the entire loop, i.e.,

Pg =P (20)

As indicated in Fig. 3, in our experimental system, the force
pushing the particle to flow into the riser from the BFB depends
on the pressure difference between the bottom of the BFB (point
15) and the exit of seal BR (Point 16) to the riser, and Py (Point 16)
also approximately equals to P (Point 1) [35].

4. Results and discussion
4.1. Effect of BFB height on the solids mass flux

The achievable solids mass flux at a given riser gas velocity (Ugr)
can be predicted according to the above pressure balance model.
Fig. 4 shows the effect of the BFB height (Hggg) at a fixed opera-
tion condition (Ug, =0.3 m/s) on the solids mass flux. At a given Ugy,
the solids mass flux obviously increases with the increase in the
BFB height, suggesting that Hppp has a great effect on G;. It should
be noted Hgpg at a fixed operation condition increases with the
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Fig. 4. Effect of the gas velocity in the riser on solids mass flux with different solids
inventory in the TBCFB system.



G. Guan et al. / Chemical Engineering Journal 164 (2010) 221-229 225

24
2 =0l __ " -
g
:-' el €5 exp=0.04 .
=1 g - .
"Eh P s
T €, exp.=0.028 "',> e
= s,,m— 005 \. _,_—*' «
2 12 _,,--"
g -a‘a’I o
m s"”"_ - 83 pm sand, Hg,=0.45 m
08} e, =0028 H,=0.30m, Up=8m/s
Dotted lines: calculation
O: experimental
0.4

0 100 200 300 400 S00 600 700
G, [ kg/m3s]

Fig. 5. A prediction study if the whole riser worked at a constant solids holdup in
the TBCFB system.

increase in total solids inventory (Is). As shown in Fig. 4, experi-
mental results also indicate that the Gs increases with the increase
in Hggg. Therefore, for a TBCFB system, in order to get a higher G,
a larger amount of Is is necessary. On the other hand, for each Hggp
in Fig. 4, predicted G increases quickly with increasing riser gas
velocity at low Ugr, whereas little change is predicted at high Ug,. It
suggests that the solids mass flux could be restricted by the solids
feeding ability from the BFB to the riser at high Ug. In the present
system, this solid feeding ability depends on the pressure head
at the bottom of the BFB when the seal BR height (H,,) is fixed.
However, the pressure head should be limited when G increased
beyond a certain value for a given BFB height so that no enough
solids feed into the riser. Bi and Zhu [1] set up a pressure balance
model for a CFB system composed of a riser, a downcomer and a
solids control valve between them, and a similar phenomenon was
also observed. As shown in Fig. 4, the experimental results also
indicated this trend. Although the TBCFB system was simplified in
order to obtain the pressure balance model and some empirical
equations were used in the pressure balance model, the prediction
result is seen to be in good agreement with the experimental data.
Moreover, it should be noted that the calculated solids flux via the
pressure balance is the maximum value corresponding to the given
gas velocity in the riser [1,7].

Our previous study suggested that the steam gasification of
coal and biomass in a DBCFB system should be operated in a high
solids mass flux and a high solids holdup in order to supply suf-
ficient heat to the endothermic steam gasification reaction [31].
The same requirements should be also necessary for a TBCFB sys-
tem design. As discussed above, almost all studies reported were
performed at a low-density riser with a particle flow structure hav-
ing a dense phase at bottom and a relatively dilute phase in the
top section even at a high solids mass flux state, mainly due to
the restriction on the solids feeding system for riser. As for the
present TBCFB system, the force pushing the particles to flow into
the riser depends on the BFB height. In order to predict the required
Hgrg When the riser of such a TBCFB system could be operated at
a high density state such as average solid holdup (&save)=0.1, @
case study assuming &g gon = £ 4j = (a constant) in the pressure bal-
ance model was performed. The obtained relationships of G5 and
Hgpp at a fixed &5 qve in the riser are shown in Fig. 5. It can be seen
that Hgrg should be greater than 1.90m when Uy is 8.0m/s for
the present riser if it could be operated in a state with a high G;
(Gs >200kg/m? s) as well as a high &sqve (&5,ave >0.1). However, the
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Fig. 6. Effects of particle size and density on solids mass flux.

maximum BFB solids height in the present experimental system
was approximately 1.3 m at Uggg =0.03 m/s, and the obtained aver-
age solids holdup (&s.exp.) was only approximately 0.04 although G
was 333 kg/m? s. On the other hand, it can be seen that Gs should
reach 395 kg/m? s according to the present model if Esave iN the
riser is assumed to be 0.04 when Hgpg = 1.3 m and Ug- =8 m/s. The
deviation of this calculation and the experimental result is approx-
imately 15.7%, suggesting that the prediction results are believable.
This result could provide the guidance for a possible high-density
TBCFB system design.

4.2. Effects of solids physical properties on the solids mass flux

According to the pressure balance model, the particle physi-
cal properties such as particle size and density should have great
influence on the solids mass flux. Fig. 6 shows the effects of solid
average size (dp) and density (pp) on G under the same operation
conditions. It can be seen that Gy decreased with the increase in
dp whereas increased with the increase in pp. The experimental
results also show that the Gs reached 333 kg/m? s for 83 wm sand
but only 220 kg/m? s for 320 pm sand at Ugr =8 m/s. As indicated in
Table 1, high solids mass flux is generally achievable for relatively
fine particles. Chen et al. [38] reported that the heavier particles
gave a higher Gs in a CFB system composed of a riser, a downer and
a solids control valve between them under a same operation con-
dition. On the other hand, according to the pressure balance model,
selecting a particle such as glass beads or FCC particles with good
fluidity could increase the Gs by decreasing particles-wall friction
in the riser.

4.3. Effects of gas seals on the solids mass flux

The effects of the similar gas seals DB and BR on solids mass flux
in a DBCFB system with Gs lower than 25 kg/m? s have been exper-
imentally investigated by Xu et al. [27]. In their case, the length of
seal DR inserting into the BFB had no effect on the solids mass flux.
However, it is found that the whole system cannot be operated at
a high G; (for example, Gs>140kg/m? s) in our TBCFB system if a
long inserted seal DR tube was used [35]. This may result from the
high resistance of particles flow in the long seal tube, which could
slow down the particle moving rate and form a bottleneck for parti-
cle flow from downer to BFB at high G conditions. According to the
above pressure balance model, the effect of the seal DB heights (Hyj,)
on Gs was predicted. As shown in Fig. 7, G increases to some extent
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Fig. 7. Effect of seal DB height on solids mass flux.

when a higher Hyj, is used. However, as stated above, the negative
effect of a high Hgj, should be considered for a high solids mass flux
TBCFB system design. In the present experimental study, Hy, was
0.45 m when Hgpg =1.30m, and it is found that the whole system
was operated stably even at a condition of Gs over 330 kg/m?s. In
this case, the effect of the height of the seal BR (Hj,) between the
BFB and the riser was also predicted. As shown in Fig. 8, Hp, has
greater influence on Gs than Hy;,. As the Hy, decreases, G; increases.
However, the gas seal function could lose if Hj, is designed
too low.

In this study, the gas seal between the riser and the downer (seal
RD)wasrealized by adjusting the openness of a mechanical valve to
form a moving bed layer between the cyclone and the downer. The
effect of the seal RD on the pressure distribution along the downer
was investigated in our previous study [35]. It is found that the
pressure distributions along the downer with the seal RD was dif-
ferent from those without the seal, and the static pressure at any
point decreased to some extent due to the seal RD. The entering
of the gas from the riser into the downer with the particle flow
in the non-seal state resulted in the increasing of the static pres-
sure in the downer. On the other hand, as shown in Figs. 9 and 10,
the experimental results indicate that the pressure distribution and
solids holdup distribution along the riser almost keep unchange-
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Fig. 8. Effect of seal BF height on solids mass flux.
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Fig. 9. Prediction of pressure distribution in the riser.

able with increasing gas velocity in the downer (Ugg). This should
be attributed to the gas seal functions of seal RB, DB and BR. There-
fore, itisreasonable to assume that the pressure drop in the downer
has no effect on the pressure balance between the riser and the BFB.
The profiles of pressure and solids holdup along the riser were pre-
dicted by the pressure balance model, which is almost validated
with the experimental data as indicated in Figs. 9 and 10.

4.4. Empirical correlation on G prediction

Gs and Ugr are two important variables to describe the flow
behavior of CFB [3,41]. Various attempts have been made to obtain
the flow regime maps of gas solids flow system in which solids mass
flux was plotted against superficial gas velocity [3,42,43]. Bi and
Fan [42] originally proposed the following Eq. (21) to predict the
so-called saturation carrying capacity to feature the regime tran-
sition between core-annular dilute-phase gas-solids flow and fast
fluidization at low G conditions.
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Fig. 10. Prediction of solids holdup in the riser.
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Fig. 11. The flow regimes of the riser in the TBCFB system.

Grace et al. used Eq. (1) to describe the transition from the fast
fluidization regime to the DSU regime [3]. Fig. 11 shows the results
when the two equations were used for the present system. Accord-
ing to Eq. (21), when Ug- <7 m/s, the riser was operated in a state
beyond the point of the saturation carrying capacity and below the
predicted maximum solids mass flux. However, when Ug; > 7 m/s,
the riser was still operated in a dilute-phase flow state, suggesting
that a higher solids mass flux could be reached if enough solids can
be feed from BFB to the riser. As stated above, to achieve higher
Gs at a high Uy, the best way is to increase Hpgp for this system.
On the other hand, it can be seen that Eq. (1) cannot be used to
predict the onset of the DSU regime of the present system. Eq.
(1) should only be valid in the operation conditions where it was
obtained: &5 20.07; 7 <G/ pgUgr <100; 51 mm <D; 305 mm; and
6.1mH 27.4m.

Although a high G is urgently expected for some industrial
process, only a few data on Gs>400kg/m? s was reported in the
literature [14,44,45]. If variables like riser diameter and height, gas
and solids physical properties are considered, G in the riser should
be a function of seven variables, that is,
Gs = f(Ugr, dp, pp, Pg, g, Dr, Hy) (22)
which can be expressed by four dimensionless parameters, i.e.
Gsdp /g, Ar, Ugr/(gDr)l/z, and D,/Hy. Based on the experimental data
obtained in the literature and in the present study for the CFB risers
with a solids mass flux between 200 and 400 kg/m? s as indicated in
Table 1, the following correlation is obtained to correlate the solids
mass flux and operation conditions:

0.375 0.195

Gsy _ 54770248 Uz (&> ' (23)
g \/gD; Hr

The data leading to this equation cover the range

of variables: 0.05m =D, 0.4m, 60 wm <d, <461 pm,

881kg/m? <pp 2710kg/m3,  4.6m/s Vg <11.5m/s, and

200 kg/m? s <G; <400kg/m%s. A comparison between the cal-
culated values of Eq. (23) and the experimental data showed in
Table 1 and obtained in the present study is shown in Fig. 12. It
can be seen that the predictions of the correlation fit well with the
experimental data obtained from this work and in the literature
with a relative deviation of less than 25%.
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Fig. 12. Comparison of the calculated values of Eq. (23) and the experimental data.

5. Conclusions

The overall pressure balance analysis around the triple-bed
combined circulating fluidized bed system was performed for
predicting the maximum achievable solids flux under given exper-
imental conditions. The general trend of the model is seen to be in
good agreement with the experimental data. The effects of solids
inventory, particle physical properties and seal structures on the
solids mass flux were also predicted and discussed. In order to
obtain a higher solids mass flux and a higher density in TBCFB
system, the best way is to add more particles into the system. In
additions, fine particles with a high density are also benefit for a
TBCFB system with a high solids mass flux and/or a high density. The
heights of gas seal DB and BR should be designed carefully to guar-
antee a particle flow with a high solids mass flux to pass through
them smoothly. Based on the numerous experimental data from
CFB risers, an empirical correlation for the prediction of high solids
mass fluxes (200 <Gs <400 kg/m? s) in the riser is proposed.

List of symbols

Ar Archimedes number (= d3 pgg(pp — pg)/ 112)

Dy downer internal diameter (m)

Dy riser internal diameter (m)

dp average diameter of particles (m)

fe gas-wall friction coefficient

fs solids-wall friction coefficient

g acceleration due to gravity (m/s2)

Gs solids mass flux (kg/m?2 s)

Gs,cal calculated solids mass flux (kg/m? s)

Gs.exp. experimental solids mass flux (kg/m? s)

hgen height of dense phase section of riser (m)

hgir height of dilute phase section of riser (m)

Hgrg height of bubble fluidized bed (m)

Hp, height of the seal between bubbling fluidized bed and
riser (m)

Hgp height of the seal between downer and bubbling fluidized
bed (m)

Hy downer height (m)

H; height between gas-solids separator and the surface of
bubbling fluidized bed (m)

H; riser height (m)

Is solids inventory (kg)

Lg elbow length (m)

P pressure head at exit of the cyclone (Pa)
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Py pressure head at the exit of the BFB to riser (Pa)

Py pressure head at the top of the BFB (Pa)

Py pressure head at the bottom of riser (Pa)

Ps pressure head at exit of the gas-solid separator (Pa)
APy pressure drop due to solids acceleration (Pa)

AP, pressure drop across cyclone (Pa)

APy, pressure drop due to gas-wall friction (Pa)

APy pressure drop due to solids-wall friction (Pa)

Re Reynolds number (=D, Ugrpg/(Lg)

Rep Reynolds number (=dpUgr0g/1Lg)

Ugh superficial gas velocity in the bubbling fluidized bed (m/s)
Ugd superficial gas velocity in the downer (m/s)

Ugr superficial gas velocity in the riser (m/s)

Ut terminal velocity of a single particle (m/s)

Greek letters

Pg gas density (kg/m?3)

Op particle density (kg/m3)

& solids holdup in the riser

Esave average solids holdup in the riser

Es.den solids holdup at dense phase section in the riser

Es dil solids holdup at dilute phase section in the riser

Es,exp. experimental value of average solids holdup in the riser
Esp solids holdup in BFB

Ug gas viscosity (Pas)

Abbreviation list

BFB bubbling fluidized bed

BR bubbling fluidized bed-riser
Cal. calculation

CFB circulating fluidized bed

DBCFB  dual-bed circulating fluidized bed
DB downer-bubbling fluidized bed

DSU dense-suspension upflow

Exp. experimental

HDCFB high density circulating fluidized bed
RD riser-downer

TBCFB triple-bed circulating fluidized bed
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