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Effect of the bottom-contracted and edge-sloped
vent-pipe on the cyclone separator performance
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bstract

The influence of the bottom-contracted and edge-sloped vent-pipe on the separation efficiency and pressure drop of a cyclone separator under
ifferent vent-pipe insert depth and different orientation of the sloped edge were studied in a visual cold circulating fluidized bed (CFB) experimental
etup according to a commercial 100 MW CFB boiler with a scale of 20:1. And the correlative results were also compared with the traditional
inear-pipe-shaped cyclone separator. Results indicate that the cyclone inlet stream velocity has a strong influence on the separation efficiency and
ressure drop, and the results are similar to that of the conventional cyclone. Namely, both separation efficiency and pressure drop increase with
ncreasing cyclone inlet stream velocity. The separation efficiency of the modified cyclone separator increases firstly and then decreases with the
ncreasing of the vent-pipe insert depth. However, there is not a very clear rule of the effect of vent-pipe insert depth on the pressure drop for

odified cyclone separator. Both the separating efficiency and the pressure drop change with the orientation of the sloped edge, and they have the

ame rule of change, the maximum at 90◦ and the minimum at 270◦. Due to the configuration of the bottom-contracted and edge-sloped vent-pipe
s suitable with the flow field inside cyclone separator, the separation efficiencies of the modified cyclone separator are usually higher than those
f traditional cyclone separators.

2006 Elsevier B.V. All rights reserved.
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. Introduction

As a key equipment for circulating fluidized bed (CFB) boil-
rs, gas–solid cyclone separator, which helps the circulation of
he solids in the furnace, has strong effects on the combustion
fficiency, the circulation rate, the desulfurization efficiency, and
o on. With the scale-up of CFB boilers, the volume and capacity
f cyclone separator increase. However, large cyclone separators
ot only result in some manufacturing, installation and operation
roblems, but also have relatively lower separation efficiency
1,2]. During the last two decades experimental and theoreti-
al investigations were conducted in order to achieve the less
ize, greater compactness and high separation efficiency of the
as–solid cyclone separator.
At the aspects of design and the overall arrangement of
he separator, Foster Wheeler Company firstly developed the
ooling type high temperature cyclone separator that is formed
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ed and edge-sloped vent-pipe; Circulating fluidized bed

rom flat rather than curved tubing panels to eliminate the
abrication complexity issue. The arrangement shows the sep-
rator to be positioned adjacent to the furnace which provides
“compact” configuration. But it was too complex for manu-

acturing and installation of the tubes and the refractory wall
3]. Ahlstrom Pyropower Company developed a square water-
ooled cyclone separator with upward exhaust exit for high
emperature separation and applied to its compact CFB boiler
esign [4]. Kvaerner Power Company’s CYMIC boilers use
igh efficiency cylindrical cyclones located inside the furnace
nd constructed of membrane walls and light refractory for
rosion protection [5]. Greenfield Research Incorporated of
anada developed and patented a novel compact gas–solid sep-
rator which can achieve both high efficiency and compactness
6]. In addition, many separators have shown that the separa-
ion efficiency of inertial separators can, to some extent, meet
he demand of some CFBB such as the U-beams separator of

weden’s Studsvik Corporation [7], the slots separator of Ger-
any’s Steinmuller Corporation [8], the slotted-tube impact

eparator of China’s Xi’an Jiaotong University [9] and the
nned tube impact gas–solid separator of China’s Zhejiang
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Nomenclature

h vent-pipe insert depth (mm)
u cyclone inlet stream velocity (m/s)
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Fig. 1. Visual experimental system of large-scale CFB.

Table 1
Main dimensions of the furnace and separator

Item Dimension (mm)

Furnace height 3500
Furnace depth 650
Furnace width 680
Cyclone outside diameter 450
Cyclone cylinder height 900
C
C
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measuring the change in the amount of bed material by unit of
time in the return leg (Fig. 3).

Table 2
Greek letter
α orientation of the sloped edge (◦)

niversity [2]. Besides, the new configuration of the double-
nlet square cyclone separator with two furnaces developed
y Clean Coal Combustion Laboratory of Chongqing Uni-
ersity is very suitable to the scale-up of the CFB boilers
10].

At the aspects of inner configuration, the France’s Stein
orporation developed a cyclone separator of with an offset
ounted exhaust pipe [11]. A type of square cyclone sepa-

ator with downward exhaust exit was developed and granted
Chinese patent [12]. Its separation efficiency was shown as

ood as that of the traditional cyclone of circular cross-section
eparator and its particle cut-diameter was around 15 �m [13].
oreover, authors have carried out many investigations on the

ffect of cylinder height and diameter [14], the cone opening
ize [15], the vent-pipe diameter, length, insert depth and off-
et [16–22] on the separator performance. And these results lay
mportant foundations for optimizing and scale-up of cyclone
eparators.

As we know, however, the inside stream flow field of a single-
nlet cyclone separator has not axial symmetry. The tangential
elocity and radial velocity at the different angles in cyclone
eparator are also not uniform [23,24]. Thus, the shape of vent-
ipe will certainly has an influence on the stream flow and may
esult in an effect on the separation efficiency and pressure drop
f cyclone separators.

In the present work, an attempt has been made to investigate
xperimentally the effect of the bottom-contracted and edge-
loped vent-pipe on cyclone performance in a CFB loop.

. Experimental setup and methodology

.1. Experimental setup

In order to improve the comparability of experimental setup
ith practical CFB boilers, we set up a set of visual cold

xperimental apparatus with Plexiglas according to a com-
ercial 410 t/h CFB boiler with a scale of 20:1 (Fig. 1).
he main dimensions of the experimental setup are listed in
able 1.

.2. Experimental methodology

In this work, the effects of the bottom-contracted and edge-

loped vent-pipe on the separation efficiency and pressure drop
f cyclone separator under different vent-pipe insert depth
nd different orientation of the sloped edge (Table 2) were
tudied and the results were also discussed by comparing

E

T
T

yclone cone height 900
yclone vent-pipe diameter 200

ith the traditional linear-pipe-shaped cyclone separator. Note
hat the orientation of the sloped edge represents the angle
etween the two directions of the sloped edge and the inlet
tream. Besides, the angle is described in clockwise when look-
ng down the vent-pipe. The modified vent-pipe is shown in
ig. 2.

In the present work, the cyclone inlet stream velocity and the
ux of high pressure air of L-valve were measured by hot-wire
nemoscope and rotameters, respectively. Pressure signals in the
urnace and cyclone separator were firstly transferred to elec-
ric signals by Kangyu KYB14 type differential manometers,
nd then they were collected by the ADAM4000 data acquisi-
ion system. The separation efficiency is indirectly calculated by
xperimental conditions

he vent-pipe insert depth (mm) 550 450 350 250
he orientation of the sloped edge (◦) 0 90 180 270
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Fig. 2. Schematics of the modified vent-pipe.

. Results and discussion

.1. Separation efficiency

.1.1. The relationship between separation efficiency and
ent-pipe insert depth

Fig. 4 represents the relationship between material accu-
ulating velocity in material collecting and measuring device

nd vent-pipe insert depth under various cyclone inlet stream
elocities. It shows that the cyclone inlet stream velocity

as a strong influence on the separation efficiency. Besides,
he separation efficiency of the modified cyclone separator
ncreases firstly and then decreases with the increasing of the
ent-pipe insert depth. And the maximum of separation effi-

Fig. 3. Schematics of experimental setup.
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ig. 4. The relationship between material accumulating velocity and vent-pipe
nsert depth under different cyclone inlet stream velocities.

iency appears when the value of vent-pipe insert depth is
50 mm.

As we know, the flow field inside the cyclone separator is
elated with the insert depth of vent-pipe. The main reason of
he separation efficiency rising with the increasing of vent-pipe
nsert depth is that increasing insert depth reduces the probabil-
ty of short-circuiting flow. Moreover, both the flow time and
he flow line of vortex motion will increase with increasing the
nsert depth of vent-pipe. As a result, more particles will be sep-
rated. However, when the vent-pipe is inserted extremely deep,
he ascending inner vortex and the descending outer vortex will
e influenced and the flow field inside the cyclone separator will
ecome turbulent which may lead to more and more coarser par-
icles exiting at the top with the carrier gas by the re-entrainment
f the ascending inner vortex.

.1.2. The relationship between separation efficiency and
rientation of the sloped edge

The effect of orientation of the sloped edge on the cyclone
eparation efficiency under various cyclone inlet stream veloci-
ies is shown in Fig. 5. The separation efficiency of the modified
yclone separator increases with increasing cyclone inlet stream

elocity and the result is similar to that of the conventional
yclone. In addition, the separation efficiency changes with the
rientation of the sloped edge, being the maximum at 90◦ and
he minimum at 270◦.

ig. 5. The relationship between material accumulating velocity and orientation
f the sloped edge under different cyclone inlet stream velocities.
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velocities is shown in Fig. 8. It shows that the pressure drop
changes with the orientation of the sloped edge, being the max-
imum at 90◦ and the minimum at 270◦. And the change rule
is similar to that of separation efficiency. As described before,
ig. 6. Comparison of separation efficiency between the two different cyclone
eparators.

As we know, the inside stream flow field of a single-inlet
yclone separator has not axial symmetry. The tangential veloc-
ty and radial velocity of the different angle in cyclone separator
re always not uniform. From numerical results we found that
he maximum of stream tangential velocity appears when the
rientation of the sloped edge is within 90–180◦. The higher
angential velocity implies the higher descending axial velocity
f the outside quasi-free vortex. Thus, it is not easy to come into
eing the short-circuiting flow. Furthermore, there is a separat-
ng flow vortex near the bottom zone of the vent-pipe when the
rientation of the sloped edge is within 270–0◦, and the change
f the orientation can destroy this separating flow vortex. Espe-
ially, it is a conical surface in the region near the bottom of
ent-pipe when the orientation of the sloped edge is 90◦. All
hese configurations help to improve the flow field in the cyclone
nd results in the increasing of separation efficiency.

.1.3. Separation efficiency comparison between two
ifferent cyclone separators

Separation efficiency comparison between the modified
yclone with bottom-contracted and edge-sloped vent-pipe and
he traditional linear-pipe-shaped cyclone under the same oper-
tion conditions is shown in Fig. 6.

From Fig. 6 we can find that the separation efficiency of
he modified cyclone is not absolutely higher than that of tra-
itional cyclone. Only when the orientation of the sloped edge
s 0◦ or 90◦, the separation efficiency of the modified cyclone
s obviously higher than that of traditional cyclone. The sepa-
ation efficiency of the modified cyclone is higher than that of
raditional cyclone only under some cyclone inlet stream veloc-
ties when the orientation of the sloped edge is 180◦. However,
he separation effect of modified cyclone almost cannot catch
p with that of traditional cyclone when the orientation of the
loped edge is 270◦.

.2. Pressure drop
.2.1. The relationship between pressure drop and
ent-pipe insert depth

Fig. 7 shows the relationship between pressure drop and vent-
ipe insert depth under various cyclone inlet stream velocities.

F
e

ig. 7. The relationship between pressure drop and vent-pipe insert depth under
ifferent cyclone inlet stream velocities.

s shown in the Fig. 7, there is not a very clear rule of the
ffect of vent-pipe insert depth on the pressure drop for modified
yclone separator. Nevertheless, the experimental data indicates
hat with increasing the insert depth of vent-pipe, pressure drop
as a slightly decrease.

With the increasing of the insert depth of vent-pipe, more
riction loss of the pipe wall consumes the entrance kinetic
ressure, and the vortex intensity will be attenuated to zero at
n extreme condition. At this moment, the consumed kinetic
ressure calculated by energy equilibrium equation is much
ess than that without friction loss or with the maximal vortex
ntensity. Hence, there is no any whirling motion after stream
ntering into vent-pipe when increasing the insert depth of
ent-pipe. Simultaneously, the stream has a very high static
ressure. And the kinetic pressure consumption of this kind
f vent-pipe is quite low. As a result, the total pressure drop
ecreases.

.2.2. The relationship between pressure drop and
rientation of the sloped edge

The relationship between the pressure drop and the orien-
ation of the sloped edge under various cyclone inlet stream
ig. 8. The relationship between the pressure drop and orientation of the sloped
dge under different cyclone inlet stream velocities.



J. Chen et al. / Chemical Engineerin

F

t
o
t
s
t
p

3
c

c
c
o
t

4

a
s
d
i
r
s
s

(

(

(

(

R

[

[

[

[

[

[

[

[

ig. 9. Comparison of pressure drop between the two cyclone separators.

here is a higher stream tangential velocity when the orientation
f the sloped edge is within 90–180◦, especially for the orien-
ation of the sloped edge is 90◦. This configuration helps the
tream flow and cannot bring remarkable resistance. As a result,
he vortex intensity in the cyclone is enhanced and the kinetic
ressure loss is indirectly increased.

.2.3. Pressure drop comparison between two different
yclone separators

The comparison of pressure drop between the modified
yclone and the traditional cyclone under the same operation
onditions is shown in Fig. 9. It indicates that the pressure drop
f the modified cyclone is about 10% higher than that of the
raditional cyclone.

. Conclusions

In the present work, the influence of the bottom-contracted
nd edge-sloped vent-pipe on the separation efficiency and pres-
ure drop of cyclone separator under different vent-pipe insert
epth and different orientation of the sloped edge were studied
n a visual cold CFB experimental setup. And the correlative
esults were also compared with the traditional linear-pipe-
haped cyclone separator. Some significant conclusions were
ummarized as follows:

1) The cyclone inlet stream velocity has a strong influence on
the separation efficiency and pressure drop. The results are
similar to that of the conventional cyclone. Namely, both
separation efficiency and pressure drop increase with the
increasing of cyclone inlet stream velocity.

2) Due to the configuration of the bottom-contracted and edge-
sloped vent-pipe is suitable with the flow field inside the
cyclone separator, the separation efficiencies of the mod-
ified cyclone separator are usually higher than that of the
traditional cyclone separator.

3) The separation efficiency of the modified cyclone separator

increases firstly and then decreases with increasing the insert
depth of the vent-pipe. And the maximum appears when
the value of vent-pipe insert depth is 450 mm under this
experimental condition. However, there is not a very clear

[

[
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rule of the effect of vent-pipe insert depth on the pressure
drop for modified cyclone separator.

4) Both the separating efficiency and the pressure drop change
with the orientation of the sloped edge, and they have the
same change rule, the maximum at 90◦ and the minimum
at 270◦. This also indicates that the increasing of separation
efficiency through the change of configuration of vent-pipe
is with the cost of increasing the cyclone pressure drop.
However, when the key problem is the separation efficiency,
this kind of cyclone separator with the bottom-contracted
and edge-sloped vent-pipe is clearly more suitable.
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