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ABSTRACT

Extensive experimental tests were conducied to study the effect of solid
loading on the collection efficiency and pressure drop across gas — solid cyclone
separators. The experiments were conducted at four different cyclone sizes Of
7.5,10,14 and 16mm, various particle sizes ranged from 70 to 510pm and various dust
loading varied from 50 to 350gramseigs/Kgair. The results indicated that the collection
efficiency decreased with increasing the solid loading. The pressure drop across the
cyclone decreases with increasing the solid loading for 10 cin size cyclone and no
considerable variation is noted for cyclone sizes larger than 10cm. Also, the study

reported visual observation of cyclone flow patterns during separation.
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1. INTRODUCTION

Cyclones are preferred to other
gas — solid separators for a number of
applications, such as in the petrol —
chemical and process indusiries to
separate dust from gas streams and for
product recovery. But it can also be
used as a preheated in cement industry,
as reactor or a dryer, and also for the
hot gas cleaning plays a key role in the
development of new power generation.
In special for pressurized fluidized bed
power plants, the removal of solid
particles from the combustion flue
gasses is essential to strengthen the
technology. Cyclone separator systems
offer nowadays the only solution
commercially available for removing
particles from high temperature, high
pressure installations. An 1mportant
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applications i n petroleum industry, is
the recovery of catalyuc in fluid
catalytic cracking process, it is cheap
and simple equipment that can easily
remove particles bigger than Spum from
a gaseous phase. Cyclones operate
under very high solid loadings. Their
application is recommended for being
capable to ensure steady state
operation, recycling the catalyst back
to the process and preventing its
emission to the atmosphere. From an
engineering point of view, the most
important  parameters in  cyclone
operation are pressure drop and
collection  efficiency, these two
parameters are the direct outcome of
the flow devolved inside the device.
Both these performance parameters are
aftected by the solid loading. A
number of studies have been reported
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in hterature, predicting the effect of
sochid loading on the collection
efficiency and pressure drop through
the cyclone. Fassani and Goldstein (1]
studied the effect of high inlet solid
loadings on the cyclone pressure drop
and collection efficiency. The particles
used were FCC catalyst. An extended
range of concentrations, up to 20 kg of
solids’kg of gas was used. The
average entrance velocities were 7, 18
and 27 mfs. The experiments showed
that, in the range of concentrations
tested, the cyclone pressure drop for
the solids laden air flow was about
47% of that for clean air. A trend of
increasing collection efficiency with
concentration was observed, up to 12
kg of solids’kg of gas, above which,
the efficiency decreased. At test
conditions, the collection efficiency for
the entrance velocity of 18 m/s was
higher than for 27 nv/s. Gill, et al. [2]
presented a detailed flow analysis
inside cyclone diplegs equipped with
bottom gas extraction. The results
indicated thal, increasing solid loading,
an upward movement of the vortex end
i1s detected from wall pressure
measurements. The sohd Joading
causes an important decrease of the
vortex energy and consequently a
weakening of the dipleg tangential
velocity. Yuu et al [3] noted that the
presence of particles in gas stream
reduced the cyclone pressure drop by
as much as 30%, even with extremely
low solid loadings, such as 0.1633 x
10 kg of solids/kg of gas. In the range
from 1.224 x 10™ t0 41.0 x 102 kg of
solids/kg of gas, the pressure drop was
found to be nearly independent of the
solid  loading,  then decreasin%
thereafter with loadings from 4.0 x 10°
to 106.0 x 10~ kg of solids/kg ol gas.
Hoffmann et al. [4] noted an increase
of the collection efficiency with dust
loading. De, et al. {5] investigated
experimentally the pressure drop and
collection efficiency of simple plate

type impact separators. Effects of air
velocity, solid loading and inclined
angle of impact blades on these two
performance parameters were
discussed .Their experimental results
demonstrated that this gas - solid
separator had impact structure, low
pressure  drop  and  safisfactory
collection efficiency especially at low
air velocity. Avci and Karagoz [6]
performed theoretical analysis of
pressure losses in cyclone separators
under the consideration of geometrical
and flow parameters including inlet
geometry, surface roughness, velocity
and particles concentration. The results
obtained  are  compared  with
experimental values for different types
of cyclones. It was found that the
proposed equation could be used to
predict the pressure losses easily and it
is  worthy  especially  industrial
applications. Gil, et al. [7] introduced
results about the effects of solid
loading on the performance of a
cyclone with bottom ash extraction of
sohds. Experiments conducted at inlet
gas velocities ranged from 9 to 14 nv's,
inlet solid loadings range from 30 1o
230 gsolds’KE ges , and botiom gas
extraction percentages from 0.3 - 1.5
% . The results showed that, for the
vortex penetration in dipleg effect not
accounied for in published
correlations, causes lower pressure
drop values and higher collection
efficiencies than predicted. Also, based
on the evolution of the pressure drop
resistance coefficient, a new method
for detecting cyclone fouling, not
previously addressed, also presented.
In relation with collection efficiency,
enhanced separation efficiency has
found, especially important for particle
sizes below 10pum, which reveals
agglomeration effects, . Cories and Gil
[8] undertook a review of the most
relevant semi — empirical models
proposed for the time — averaged flow
in cyclones, as found in the literature.
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Predicted flow field, cyclone nature
length, effect of solid loading on
collection efficiency and pressure drop
were compared with experimental data.
From the previous literature review,
there is a contradicty in the results of
the effect of dust loading in botb the
collection efficiency and the pressure -
drop across the cyclone. Therefore,
experimental study in the performance
of gas — solids cyclone separators for
industrial  applications  operating
conditions is required to establish these
effects. To achieve these requirements
the present research include, the effect
of dust loading on the collection
efficiency and pressure drop in gas —
solids‘cycione separators.

2. EXPERIMENTAL WORK
2.1 Experimental Apparatus and
Iustrumentations

In the present study, the
experimental data were obtained by
conducting  experiments using a
specially designed and fabricated
experimental facility. The schematic
view of the test rig is shown in Fig.1.
The air supplied by two blowers
providing a volume flow in the range
of 14.5 —114.5 m’hr. Air flow rate
measured using a calibrated orifice
meter (2). This stream of air is mixed
with the injected particles in the
rectangular cross section inlet of the
cyclone, and discharged tangentially to
the tested cyclone (3). The pressure
drop across the cyclone and the orifice
is measured using a multi — tube

manomeier connected to pressure taps
of | mm inner diameter which are
drilled normal 1o the wall. The

. deposited particles from the cyclone

are collected in the hopper part (13).
The air — particles mixture is adjusted
with different controlling valves (9)
and (16). The solid feeding system (4)
consists of the solids supply reservoir
and controlling valve. The solids
supply has cylindrical shape with a
conical end. The feeding control valve
was calibrated with a dial scale to give
a desired mass flow rate of feeding
sohds. Four sizes of cyclones are used,
three of them were fabricated from
metal sheet with different cyclone
diameters 10, 14, 16 cm and the
remaining one was fabricated from
Perspex with 7.5 cm diameter to permit
visual observation of the flow inside
the cyclone. Figure 2 shows the
dimension ratios for Stairmand cyclone
design used in this study. In order to
study the effect of the solid loading on
the coliection efficiency and pressure
drop across the gas- solid cyclone
separators, twe solids matertals were
used in conducting experiments,
commercial sand and white cement.
Sand 1s used as the solid particles. The
particle sizes in terms of median
diameter were 225, 360, 510 pm and
its density of about 1400 kg/m’. The
physical properties of the white cement
are 70 um median diameters and
density of about 1315 kg/m? More
details about the test method are
presented in reference [9].
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Fig. 1 Experimental test rig layout
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Fig.2 Shape and principal

2.2 Cyclope Performance Parameters
[- Collection efficiency” overall
collection efficiency”, g
MsM; = M - M) / M, =
1-M/M;, uncertainty range, 1s
0.028% minimum and 0.085%
maximum.

dimensions afl the Cyclone

II- Pressure drop, AP = Py -Py
uncertainty range, is 0.91%
minimum and 3.36% maximum.

II1- Inlet velocity, V; = Q/A (m/s),
uncertainty range, is 1.26%
minimum and 4.7% maximum.
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IV-Solid loading, Cs MM,
(Bsohds/KZair), UnCertainty range, is

A study of the effect of dust
loading on the collection efficiency

0.026% minimum and 1.3% was conducted at various cyclone sizes
maximum. and different operating conditions. The
J.EXPERIMENTAL RESULTS AND tests were conducted over a wide range
DISCUSIONS ' of dust loading of 50 — 350 gausi/keair .
3.1 Effect of Dust loading on the Typical results are shown in Figs. 3 10
Collection Efficiency 6.
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Fig.d Variation of collection efficiency with dust
loading for particle size (70pm) and cyclone
diameter (7.cm ) with different inlet velocities

Fig.4 Variation of collectian efficiency with dust
loading for particle size (70pum) and cyclone
diameter {10cm ) with difTerent inlet velocities
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Fig.5 Variation of collection efficiency with dust
loading for particle size (70pm) and cyclone
diameter (14 cm) wilh different inlet velocities

Generally, these Figures show
that the collection efficiency depends
strongly on the dust loading and
decreases with increasing it. The most
probably reason is that the particle
inertia would tend to equalize the gas
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Fig.6 Variation of collection efficiency with dust
loading for particle size (70pm) and cyclone
diameter (16¢m ) with diflerent inlet velocities

momentum of adjacent layers, as they
seitled out normal to the gas flow
direction. Increasing dust loading will
cause a reduction in the tangential
velocity component and a decrease in
the vorlex intensity. The separation
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process involves interplay between
centrifugal forces induced by swirl,
and dissipation due to turbulence. In
this study, both swir] and turbulence
are affected by the presence of
particles: the turbulent fluctuations
strongly reduce, even at the relatively
low solids loadings that we have
considered so far .The swirl in the
cyclone gets less intense, especially in
its lower part. Both features have
consequences for the way the particles

distributions inside the cyclone. Visual
observation during tests showed an
increase of particle concentration
levels close to the wall for low mass -
loading caused by reduced turbulence.
This effect was most pronounced in the
lower part of the separation section of
the cyclone. At higher mass — loading
the effect of reduced swirl may
become visible at Perspex cyclone (7.5
cm) as shown in photograph Fig. (7).

Fig.7 Photograph of swirl at higher dust-leading through the Perspex cyclone

However, at low mass -
loading case particles tend to be less
concentrated near the wall. These
changes in the way the particles are
distributed will have consequences for
the collection efficiency. As both
turbulence attenuation and weakening
of the swirl occur with increased mass
loading of particles, one can readily
envision the possibility of complex
dependence of collection efficiency on
particle mass Joading. For example, the
collection efficiency would increase
monotonically if the beneficial effects
of tuwbulence damping always
outweighed the adverse effects of loss
of swirl. In contrast, if the loss of swirl
was a bigger factor at all times, the
efficiency would decrease
monotonically with increasing loading.
An intermediate possibility where the
collection efficiency first increases and
then decreases at large loading level is
also possible.

Linden [10] observed a small
increase of collection efficiency with
increasing loading. Stern, et al. [11]
correlated data from several services
and reported an increase in ¢ollection
efficiency with solid loading in the
range of 1.868%10” to 186.8%107 kg
solids / KZair . Similar trend was reported
by Mori [12]. Nevertheless no effect
was observed by Scheid and Massarani
[13] for loading varying 0.3163*107 to
41*%107 kg soid 7/ Kgs Also ne
variatlon in collecling efficiency with
dust loading was reported by Tardin
and Goldstien [i14]. Tuzla and Chen
[15] reported a reduction in collection
efficiency with increasing  solid
loading. These contradictory in results
reflect  the complexity of {low
processes within the cyclone and that
the mechanism of particle separation is
quite difficult.
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3.2 Effect of Dust Loading on the
Pressure Drop

The effect of solid loading on
the pressure drop at various particie
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sizes and constant mean inlet velocity
of 103 nvs for all types of cyclones
used 1s shown in Figs. 8 tol1.
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Kig. 8 Variation of pressure drop with dust loading for
particte size (70pm} with different cyclone size at
constant inlet velpcity of 10.3m/s.

Fig. 9 Variation of pressure drop with dust loading for
particle size (225pm) with different cyclone size at
constant inlet velocity of 10.3m/s,
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Fig. 10 Variation of pressure drop with dvst loading
for particle size (360pum} with different cyclone size
st constant inlet velocity of 10.3m/s.

Fig. 1§ Variation of pressure drop with dust loading
for particte size (S10pm) with different cyclone size
at constant inlet velocity of 10.3m/s,

These Figures show that the
pressure drop in cyclone decreases
with increase the solid loading for 10
cm cyclone for all particle sizes.
However, this trend is not apparent for
the 7.5, 14 and 16 cm. sizes cyclone
and there is no considerable variation
of pressure drop for these sizes with
different particle sizes. This may be
attributed to, as the dust loading
increases, the tangential vélocity and

the vortex length decreases. The vortex
length is the axial distance from the
vortex finder at which the outer vortex
weakens and changes its direction from
downward flow to upward flow. The
pressure loss 1s mainly determined by
events occurring above. Moreover, the
voriex end can be itself a dynamic and
complicated phenomencn. In addition,
through an increase of the dust loading
will lead to a greater expansion loss at
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cyclone inlet, the swirling Jloss
decreases due to a weaker swirling
flow. Consequently the combination of
these two effects cause considerable
pressure drop. The pressure drop trend
for 10 cm cyclone is agreed with
Fassani and Goldstein [1] and De, et al
{5] resulis. However, Yuu, et al {3]
found that the pressure drop was nearly
independent of solid loading. Tardin
and Goldstien [14] observed an
opposite irend, i.e., an increase in
pressure drop with increasing solid
loading, possibly  because their
cyciones were tested as part of a
circulating fluidized bed system.
3.3 Visual OQbservation of the
Separation Process

There is not sufficient experimental
data to elucidate definitely the
separation process involved, but some
considerations can be already be made

for a preliminary discussion. This
relies on a visual observation and
video camera recordings of the
separation zone, shot through the
Perspex  cyclone  wull  .Visual
observation of cycione flow patterns
showed that the flow pattermn consists
of an outer vortex spiraling downward
along the cyclone walls. This vortex is
created when the gas stream enters the
cyclone tangentially. The number of
revolutions (spirals) that the gas stream
make in the cyclone is about sjx and
the spiral bands of particles attached to
the cyclone wall seemed to have the
same width for solid loading up to 125
Bsolds’KZay a5 shown in Figure (12) and
that the number of particles increased
in the radial direction. At this loading,
the bands suddenly widened and
covered the entire cylinder wall.

Fig.12 photograph of spiral bands of solid particles through the Perspex cyclone.

Visual observation showed that
the spiral bands of collected particles
on the cyclone wall were wider for the
large size particles, which were present
outer the entire cyclone wall surface.
As the gas spiral reaches the gas outlet
duct, the gas spins upward through the
inner vortex or central cone rotates in
the same direction as the outer vortex,
the gas spins upward to the gas outlet.
Collection takes place as particles in
the outer vortex are thrown to the
cyclones walls by centrifugal force.
These particles slide down the walls of

the cyclone to dust hopper. Particles
drawn into the central cone are not
collected. It was observed that the
effect of adding particles to the stream
of clean air entering a cyclone was
always the same , namely , for a
constant pressure drop across the
cyclone the air flow rate increased
rapidly at first , then more slowly , and
finally leveled off .
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4. CONCLUSION

Based on the results obtained
from the present experimental
investigation, the following more
important conclusion can be obtained:

l. The  collection efficiency
decreases with increasing solid
loading.

2. The pressure drop decreases
with  increasing the sold
loading for 10 em cyclone.
However, for 7.5, 14 and 16 cm
cyclone sizes there was no
considerable  variation  of
pressure drop.

3. Visual observation of cyclone
flow patterns during separation
showed that the spiral bands of
collected particles on the
cyclone wall were wider for the
larger size particles . The
number of revolutions that the
gas stream make in the cyclone
was about six.

NOMENCLATURE
A = flow area (m?)
Csi = solid loading (Zsoligs'KLair)
D = cyclone diameter, 7.5,10,14
and 16cm
M; = input solids mass to cyclone
(2)
M. = mass of solids collected by
cyclone (g)
M., = solids loss mass due fo
entrainment (g)
M,= air mass flow rate (kg)
Psi = static pressure at cyclone
inlet (kPa)
Pso = static pressure at cyclone
outlet (kPa)
Q = volumetric flow rate of air at
inlet (m*/s)
Vi= inlet velocity of air (m/s)
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