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Flow maldistribution was investigated in an 8.5 m high circulating fluidized bed with
a rectangular cross section of 1 X 0.3 m using a 14-bubble-cap distributor and a
33-bubble-cap distributor. Experimental results indicate that the bubble caps in the center
region have a large flow rate and the bubble caps at the wall region have a small flow
rate. The extent of the flow maldistribution is quantitatively characterized by the ratio of
the maximum flow rate through a bubble cap to the average flow rate through all bubble
caps (maldistribution number, V,,,/V,,). A correlation is proposed for predicting flow
rate distribution, maldistribution number, in the bubble cap distributor by the ratio of
distributor pressure drop to riser pressure drop (pressure-drop ratio, AP /AP,). © 2005
American Institute of Chemical Engineers AIChE J, 51: 1359-1366, 2005
Keywords: circulating fluidized bed, bubble cap, flow rate, maldistribution number,

pressure-drop ratio

Introduction

In recent years, circulating fluidized beds (CFBs) have re-
tained their leading position in developing new techniques for
coal combustion, petroleum processing [fluidized catalytic
cracking (FCC)], chemical reaction process, and for other
industrial processes.!-> Consequently, there has been a growing
surge of industrial and academic interest in CFBs. Unfortu-
nately, knowledge about the minimum distributor pressure
drop is relatively scarce for CFBs.3# Scientists and engineers
are accustomed to using rules of thumb for bubbling fluidized
beds to design CFB gas distributors and to examining flow
hydrodynamics in CFBs equipped with these custom-designed
gas distributors. Circulating fluidized bed combustors operate
at superficial gas velocities of 5—-8 m/s, whereas bubbling
fluidized beds operate at a superficial gas velocity of the
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order = 1 m/s. As a consequence, there are great differences
between the hydrodynamics of CFB combustors and those of
bubbling fluidized beds. It is of great importance to obtain a
greater knowledge of the minimum pressure drop required for
an even distribution of the fluidizing gas where energy con-
sumption for distributor pressure drop is critical. In other
words, the low gas distributor pressure drop may result in a
backflow of solids into the plenum chamber, whereas the large
gas distributor pressure drop increases energy consumption. To
introduce the background of this study, we review existing
works in the literature that primarily focus on minimum pres-
sure drop in bubbling fluidized beds.

The main function of a distributor in a fluidized bed is to
guarantee a uniform distribution of gas over the whole cross-
sectional area of the bed and to avoid raining of the solids and
the dead space on the distributor plate.

In bubbling fluidized beds, a gas distributor results in poor
fluidization if its pressure drop is too low; that is, some parts of
the bed are temporarily or permanently defluidized and other
parts form semipermanent spouts or channels. The desired
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Figure 1. Pilot-plant CFB system.

properties of the distributor consist of the following: (1) uni-
form and stable fluidization over the entire operation range; (2)
minimum attrition of bed materials; (3) minimum erosion of
bed internals or heat exchanger tubes; (4) minimum backflow
of solids into the plenum chamber; (5) minimum amount of
dead zones on the distributor; (6) minimum plugging over
extended periods of operation.

The flow behavior of distributors for bubbling fluidized beds
has been investigated thoroughly by previous researchers.
Thus, many guidelines for the ratio of distributor pressure drop
to the bubbling bed pressure drop are available. Generally
speaking, to ensure stable operation, the pressure drop across
the distributor should be sufficiently large that the flow rate
through it is relatively undisturbed by the bed pressure fluctu-
ations above it. Agarwal and Davis® found that the distributor
pressure drop should be about 10% of the bed pressure drop
and never <3400 N/m?, whereas other researchers proposed
the minimum ratio of distributor to the bed pressure drop
ranging from 0.02 to 0.1, with 0.3 as a widely quoted value.®-®
Geldart® concluded, from the data in a two-dimensional fluid-
ized bed, that the ratio of the bed height to bed width influenced
the critical ratio ¢ of pressure drop through distributor to bed
pressure drop, as follows

¢ = exp(—3.8H,,/D)

where D is the bed diameter and H,,, is the bed height at the
minimum fluidization condition.

Qureshi and Creasy!® summarized the literature data on
successful and unsuccessful commercial bubbling fluidized
beds and introduced an aspect ratio correlation, that is

R.=0.01 + 0.2[1 — exp(—0.5D/2)]
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Table 1. Physical Properties of Quartz Sand

Surface ~ Minimum
Particle Volume Mean  Fluidization
Density Concentration Diameter  Velocity*  Terminal Settling
(kg/m*)  of Fixed Bed (m) (m/s) Velocity* (m/s)
2600 0.55 140 0.03 0.93

*At ambient experimental conditions.

Table 2. Parameters of Bubble Caps

Parameter Unit  Distributor A Distributor B
Total volume m?/s 1.2 1.2
Number of bubble cap 14.0 33.0
Number of orifice 4.0 4.0
Outlet inside diameter, D, mm 126.0 84.0
Orifice diameter, D, mm 42.0 28.0
Inlet inside diameter, D5 mm 82.5 54.5
Decreased cap diameter, D, mm 58,35 38.5,23
Inlet area m 0.00535 0.00233
Orifice area m? 0.00554 0.00246
Annulus area m? 0.00626 0.00269

where R, is the critical pressure-drop ratio of the gas distributor
pressure drop to the bed pressure drop, D is the bed diameter,
and Z is the bed depth.

Geldart® reviewed various factors influencing the distributor
design in the bubbling fluidized beds, including the critical
pressure-drop ratio, hole size, geometry and spacing, jet pen-
etration depth, dead zones, particle sifting, attrition, and mix-
ing.

Recently, Thorpe et al."' summarized three rules for mald-
istribution of bubbling fluidized beds: (1) the pressure-drop
ratio method, that is, a specified ratio of distributor pressure
drop to bed pressure drop; (2) the theory of Fakhimi and
Harrison'? with respect to a pressure balance for the gas pass-
ing through active and inactive gas injection points at the
distributors; (3) the theory of Yue and Kolaczkowski,!3 a
modification of the theory introduced by Fakhimi and Harri-
son.!?

The object of the present study was to investigate the flow
rate maldistribution across the CFB distributor by using two
types of distributors. In particular, a relationship between the
ratio of the maximum flow rate through one bubble cap to
average flow rate through all bubble caps (V,,,./V,,) and the
ratio of distributor pressure drop to riser pressure drop (AP,/
AP,) was investigated in detail.

Experimental
CFB system

Figure 1 illustrates a plant-scale circulating fluidized bed.
The riser has a cross section of 0.3 X 1 m and a height of 8.5 m.
Air from a 200-kW roots blower was fed to the windbox and
distributed by bubble caps. A two-stage cyclone and a filter
cleaned the off-gas, and the separated solids were returned to
the riser at a height of 1 m above the distributor with an angle
of 45°. A weighing section in the downcomer pipe measured
the externally solid circulating rate.

The CFB riser is equipped with 16 pressure sensors to
measure the pressure-drop profiles along the riser. The down-
comer has five pressure sensors. A data-acquisition system was
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Figure 2. Cross-sectional plots of bubble in distributor.

Five measuring pipes (left), two measuring pipes (middle), no measuring

pipe (right).

used for sampling data, including pressure, superficial gas
velocity, sand weight in the hopper, external circulation rate,
and so forth.

Quartz sand is used as the bed material and its physical
properties are listed in Table 1.

Gas distributor

The design characteristics of the distributors are presented in
Table 2. Two types of distributor were applied in this investi-
gation: one has 14 bubble caps and the other has 33 bubble
caps. For convenience, the 14-bubble-cap distributor is desig-
nated Distributor A and the 33-bubble-cap distributor is des-
ignated Distributor B. The 82.5 mm ID bubble caps were used
in Distributor A and 54.5 mm ID bubble caps used in Distrib-
utor B. For Distributor A, two decreased caps with 58 and 35
mm ID were used to be screwed into the bubble cap for
changing its flow resistance. Distributor B used 23 and 38.5
mm ID decreased caps to vary its flow resistance. Figure 2
shows various cross sections of the distributors.

Six bubble caps were used to detect the pressure drop across
different bubble caps under various experimental conditions.
More details of the bubble cap measurement configuration are
illustrated in Figure 3. For Distributor A, bubble caps 1, 2, 4,
8, 10, and 14 were used for measurement of the pressure drops
across bubble caps. Bubble caps 1, 2, 4, 10, and 14 have two
pressure probes. Note that bubble cap 8 has five pressure pipes
with four low-pressure measuring pipes welded along the an-
nulus wall and the high-pressure measuring pipe fixed in the
low-pressure measuring pipes, as shown in Figure 2. The
pressure drop of bubble cap 8 is the average of four individual
pressure drops. For Distributor B, bubble caps 12, 13, 15, 17,
20, and 22, located in the middle row, were used to determine
the pressure drop across bubble caps. There were five measure-
ment pipes for bubble cap 17. To investigate the influence of
positions of measurement bubble caps on the flow rate distri-
bution, six measurement bubble caps in Distributor B were
replicated from the middle row to the border row, where their
new positions were 1, 2, 4, 6, 9, and 11. With respect to CFB
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distributor pressure drop measurement, the high-pressure port
is located at 0.18 m above the distributor, whereas the low-
pressure port is connected with the wind box.

The bubble cap entrance areas (ID in mm) of 82.5, 58, 35,
54.5, 38.5, and 23 are designated as A,;, A, A, Aprs Aps
and Ag;, respectively. As shown in Table 3, the ratio of A,, to
A, (Distributor A) is the same as that of Ay, to A, (Distrib-
utor B); also, the ratio of the A,; to A,, (Distributor A) is
nearly equal to that of A ; to Ay, (Distributor B).

Pressure measurement system for the bubble caps

A pressure signal system for the bubble caps is composed of
26 differential sensors, an A/D, and a computer. Low-pressure
measurement and high-pressure drop measurement were at-
tained by nine SenSym 142SCO1D pressure transducers and
nine SenSym 143PC5D pressure transducers, respectively.
During all the experiments, nine pressure signals were simul-
taneously recorded at a frequency of 100 Hz for 40 s.

Results and Discussion
Pressure drop for bubble caps

Table 2 shows that the entrance area of a bubble cap is the
smallest among the area of bubble cap entrance, orifice area,
and annulus area. Therefore, the drag coefficient is calculated
by using Eq. 1, based on the operation conditions at the bubble
cap entrance.

The pressure drop across an individual bubble cap can be
expressed as

AP =€, (M

where C, is the drag coefficient, u;, is the average velocity at

the entrance of the bubble cap, and p, is the gas density under

operating conditions at the entrance of the bubble cap.
Figures 4 and 5 illustrate the variation of the drag coefficient
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Figure 3. Cross section of Distributors A and B.

Table 3. Distributor A and Distributor B Data

Symbol of Entrance Area Entrance Area

Distributor of a Bubble Cap Ratio
A
82.5 mm ID A,
58 mm ID A AplA, = 0.494
35 mm ID Ay As/A, = 0.179
B
54.5 mm ID Ay,
38.5 mm ID Aps Apo/Ap; = 0.494
23 mm ID Aps Api/A,, = 0.178

with Reynolds number (Re;,) at the entrance of a bubble cap.
For all decreased bubble caps, the drag coefficient is indepen-
dent of Reynolds number because the Reynolds number varies
at a given range.

Flow rate profiles of bubble caps

Lateral flow rate profiles measured in Distributor A are
shown in Figures 6 and 7. Similar profiles can be obtained at
various superficial velocities and riser pressure drops. When
the CFB riser is empty (that is, without particles; Figures 6a
and 7a), the flow rate profiles of bubble caps exhibit a practi-
cally even flow profile, which is indicative of an almost uni-
form air distribution. To depict the flow rate distribution in the
distributor, V,,../Viin 1s defined as the ratio of maximum flow
rate through a bubble cap to the minimum flow rate through a
bubble cap. Apparently, when the particles were added to the
CFB, the flow rate profile has an uneven distribution, where
Vinax! Vnin = 3.53 at a riser pressure drop of 5560 Pa. Bubble
caps at the wall have small flow rates, whereas bubble caps in
the center section have large flow rates. At the riser pressure
drop of 7298 Pa, the ratio of V,,./V i, is reduced to 2.32. For
a 35.0 mm ID bubble cap (Figure 7b), a more uniform distri-
bution of flow rate is found. Figure 7b also illustrates the flow
rate profiles where values of V,,,./V,.., are 1.097, 1.1, and 1.17
at riser pressure drops of 4337, 5178, and 7237 Pa, respec-
tively, which confirms that the riser pressure drop has only a
negligible effect on V,,,./V,.in- A comparison of Figures 6 and
7 confirms that an increased pressure drop of the distributor
promotes a more uniform flow rate distribution.

Figure 8 describes the profiles of flow rate through six
bubble caps (Distributor B) by using 23, 38.5, and 54.5 mm ID
bubble caps at the same riser pressure drop and superficial gas
velocity. Viy.o/Vimin = 1.417 at a distributor pressure drop of
1101 Pa. This ratio is decreased to 1.234 at a distributor
pressure drop of 1457 Pa, and then it approaches 1.06 at a
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Figure 4. Effect of Reynolds number on the drag coeffi-
cient for Distributor A.

distributor pressure drop of 9432 Pa. An increase in pressure
drop of the distributor results in more uniform distribution of
flow rate, in agreement with the conclusions drawn from Fig-
ures 6 and 7. However, the large distributor pressure drop
consumes a substantial quantity of energy.

The nonuniform lateral distribution of flow rate of various
bubble caps is reinforced by the core—annulus flow structure of
the CFB. Berruti and colleagues'#!> explained the high slip
velocities between gas and solid in the circulating fluidized bed
by assuming that the flow domain is composed of two charac-
teristic regions: a dilute gas—solid suspension preferentially
traveling upward in the center (core) and a dense phase of
particle clusters or strands flowing down in the annulus near the
wall. They assume that the slip velocity in the core equals the
particle terminal velocity and that the density in the annulus is
equal to that at the minimum fluidization. This model assumes
that solids descend along the annulus at a velocity equal to the
particle terminal velocity. Obvious radial suspension density
gradients have been reported with a maximum at the wall and
a minimum at the center, which agrees with the core—annular
approximation to the flow domain. Moreover, particle velocity
and solids flux measurements across the cross section of risers
are nearly radially parabolic, often with negative velocities
along the riser wall. Schlichthaerle and Werther'¢ used fiber-
optic probes to measure radial solids concentration distribution
in the CFB bottom zone. For all heights the solids concentra-
tion has its minimum value in the center of the riser, and
increases toward the wall. Furthermore, Schlichthaerle and
Werther!” observed intense gas backing in the wall region of
the bottom zone, which resulted from the downflow of local

AIChE Journal
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Figure 5. Effect of Reynolds number on the drag coeffi-
cient for Distributor B.
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Figure 6. Lateral flow rate profiles across Distributor A
with 82.5 mm ID bubble cap.

solids. Because the overall flux balance has to be fulfilled, the
downward flowing solids have to change their flow direction in
the bottom zone. Together, the above findings demonstrate that
a core—annulus flow structure exists in the bottom zone of the
CFB.

Effect of positions of measurement bubble caps on the
flow rate distribution in the distributor

To investigate the influence of bubble cap positions on the
flow rate distribution in the distributor, six measurement bub-
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Figure 7. Lateral flow rate profiles across Distributor A
with 35 mm ID bubble cap.

ble caps were replicated from the middle row to the border row.
For the 54.5 mm ID bubble cap (Figure 9a), the ratios V,,,./
Vmin 10 the middle row bubble caps and in the border row
bubble caps are 2.60 and 3.41, respectively. As superficial gas
velocity is increased to 4.5 m/s, the values of V,,./V,, in the
middle row bubble caps and in the border row bubble caps are
3.43 and 2.39, respectively. There are substantial differences
between V,../Vii, in the middle row bubble caps and that in
the border row bubble caps as superficial gas velocity is in-
creased from 3.0 to 4.5 m/s, suggesting that the increased
pressure drop of a bubble cap resulted from increasing super-
ficial gas velocity does not improve the maldistribution in the
distributor.

When the 38.5 mm ID bubble cap was used in this test
(Figure 9b), the values of V, ,./V i, in the middle row bubble
caps and that in the border row bubble caps reach 1.42 and 1.35
at a superficial gas velocity of 3.0 m/s. At a superficial gas
velocity of 4.5 m/s, the values of V,,./V,.., in the middle row
bubble caps and that in the border row bubble caps are 1.20 and
1.50, respectively. It can be observed that there is still some-
what of a difference for V, ,./V i, ratios between bubble caps
of the middle row and those of the border row. Consequently,
the increased pressure drop of a bubble cap arising from the
decreasing cap entrance area (bubble cap structure parameter)
improves the uniform distribution of flow rate in the distribu-
tor. In addition, there is a slight difference between the V, ../
Vmin ratio in the middle row bubble caps and that in the border
row bubble caps.

Figure 9c highlights the uniform distribution of flow rate
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Figure 8. Profiles of flow rate of six bubble caps under a
given experimental condition.

using the 23 mm ID bubble cap. In the case of 3.0 m/s, the
Vinax! Vmin 10 the middle row bubble caps, 1.06, nearly ap-
proaches that in the middle row bubble caps, 1.10. Similarly,
the values of V,,,./V.i, in the middle row bubble caps and in
the border row bubble caps are nearly equal at a superficial gas
velocity of 4.5 m/s. As expected, the increased pressure drops of
bubble caps, resulting from the decreasing cap inlet diameter,
improve the uniform distribution of flow rate in the distributor.

By comparing Figures 9a—c, one can conclude that an in-
crease in pressure drop of the distributor results in a more
uniform distribution of flow rate, which is consistent with the
observations obtained from Figures 6, 7, and 8. It should be
pointed out that the larger gas distributor pressure drop ex-
plains the greatly increased energy consumption.

Influence of the pressure-drop ratio AP,/AP, on V,,,./
min
The pressure drop of a bubble cap is proportional to the
square of its flow rate

AP be * Vlz)c (2)

As discussed earlier, there is a lateral distribution for the
pressure drops of various bubble caps in the distributor. That is

Apmax VlTlZlX 2
= ( ) 3)

AP min Vmin

When the superficial gas velocity varied from 3.0 to 5.2 m/s,
Vimax! Vmin 18 plotted against the ratio of distributor pressure
drop to riser pressure drop, AP /AP, (Figure 10). Evidently, the
increased AP /AP, decreased the V,,,,/V,;, ratio, resulting in a
more uniform flow rate through different bubble caps, whereas
a decreased AP /AP, only exacerbated maldistribution. There-
fore, flow maldistribution can be described by AP /AP,.

A comparison of Figures 6-9 indicates that the curve gra-
dient is small in the vicinity of maximum flow rate of a bubble
cap, which is easy to measure in this investigation. On the other
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Figure 9. Effect of positions of measurement bubble
caps on flow rate through different bubble
caps.

MR, measurement bubble caps in middle row; BR, measure-
ment bubble caps in border row.

hand, V,;, always occurs in a part of the curve with steep
gradient, which exists in the border region of a CFB. In some
cases, detection of the minimum flow rate in the distributor failed
because only six measurement bubble caps were used in this
study. Of necessity, we used the average flow rate (V,,) through
all bubble caps characterized by distributor maldistribution.

Influence of the pressure-drop ratio AP /AP, on V,,,,/
Vyand V. /V,,

In this study, the ratio of maximum flow rate to average flow
rate is defined as the maldistribution number. Figure 11 shows

AIChE Journal
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Figure 10. Influence of pressure-drop ratio on the V,, ../
V in in Distributors A and B.

min

v 14 bubble cap distributor. Distributor A
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Figure 11. Influence of the pressure-drop ratio on the on
V,/V in in Distributors A and B.

the V,,in/Va, plots in Distributors A and B, where one observes
that experimental data are scattered in the V,; /V,, plot char-
acterized by a scatter distribution. It is surprising to observe
that the values of many points exceed 1, demonstrating that the
minimum flow rate can miss measurement under some exper-
imental conditions. The above findings indicate that the mini-
mum flow rate occurs frequently in the bubble caps located in
the border region. Based on the above analysis, it is reasonable
to use the maldistribution number (V,,,,/V,,) to describe mald-
istribution in the distributor. Figure 12 shows the effect of the
pressure-drop ratio (AP,/AP,) on maldistribution number in
Distributors A and B. A correlation with respect to the mald-
istribution number is expressed as

max

Vav

= 0.903 exp{0.285/[(AP,/AP,) + 0.427]} (4

One should be cautious if Eq. 4 is applied in other cases beyond
the present experimental conditions.
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+ 23 mm . D. bubble cap, AP =3346-7907 Pa
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Figure 12. Influence of the pressure-drop ratio on the
V,hax/Vay in Distributors A and B.

From Figure 12, the maximum flow rate is about 10% higher
than the average flow rate, V,,,./V,, = 1.1, at AP /AP, > 1.
Furthermore, V,,,,/V,, tends to approach 1.2 because AP,/AP,
is preferentially 0.5. The maximum flow rate is 30% above the
average flow rate when the ratio of distributor to bed pressure
drop is 0.3, which is always the cited value for achieving a
good flow rate distribution in bubbling fluidized beds. Severe
maldistribution occurs with V, ,./V,, varying in the range 1.2 to
1.85 if the pressure-drop ratio is <0.25. It is concluded that, to
reach uniform distribution of flow rate, the pressure-drop ratio
in a circulating fluidized bed (AP /AP, = 2) is larger than that
in a bubbling fluidized bed. Care is needed in extending the
above conclusions to industrial CFB boilers, which calls for
further investigative efforts.

Conclusions

A large number of measurements were conducted in a plant
circulating fluidized bed to investigate the flow maldistribution
through various bubble caps. Experimental results illustrate
bubble caps at the wall have small flow rates, whereas bubble
caps in the center region have larger flow rates. The increasing
pressure drop of the distributor improves flow maldistribution
across different bubble caps in the distributor. The extent of
flow maldistribution is quantitatively characterized by the ratio
of V,.«/V., the maldistribution number. A correlation is de-
veloped for prediction of a flow rate maldistribution in the
bubble cap distributor by the pressure-drop ratio AP /AP,.
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Notation

C4 = drag coefficient
Re,, = Reynolds number at the entrance of a bubble cap
u = superficial gas velocity, m/s
u;,, = gas velocity at the entrance of a bubble cap, m/s
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Vp. = flow rate through a bubble cap, m*

V maxvay = maldistribution number
Vinax/vmin = ratio of maximum flow rate through a bubble cap to
minimum flow rate through a bubble cap
x = horizontal coordinate (definition in Figure 3), m
p, = gas density, kg/m?
AP, = pressure drop through a bubble cap, Pa
AP, = maximum pressure drop of all measurement bubble caps,
Pa
AP,,., = minimum pressure drop of all measurement bubble caps,
Pa

AP, = distributor pressure drop, Pa
AP, = riser pressure drop, Pa
AP pp. = pressure-drop ratio
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