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ABSTRACT

Cyclone collector is one of the most widely used as industrial devices
for coarse particle removal from gas stream, mostly used as the pre-cleaner before
other methods such as filtration. This is due to the low collection efficiency of
cyclone for fine particles. In this work a lab-scale cyclone was modified by adding
filter in the space between the inner core and the wall of the cyclone in order to meet
the higher collection performance for the fine particles (0.3 - 1.0 um). The collection
performance of the combined cyclone-filter collector was compared with those of
cyclone and filter only. The effects of parameters, such as particle size and inlet
velocity, on the collection efficiency and pressure drop were studied. Besides, filter
characteristics were also investigated. The results show that the aerosol penetration
for the test cyclone collector decreases with increasing inlet velocities or particle
sizes. Moreover, the theoretical calculations show the best fit for Crawford model at
all inlet velocities. In comparison with the cyclone, the penetration of the cyclone
combined with fibrous filter for particle sizes of 0.3, 0.5 and 1.0 um is found to be
lower by 0.4 — 2.2%, 0.6 — 6.2% and 3.2 — 9.4%, respectively, for 4-mm filter width
and 0.3 - 5.5% , 1.3 — 15.8% and 1.7 — 19.9%, respectively, for 8-mm filter width.
The penetration of the cyclone combined with stainless steel filter is also found to be
lower by 0.6 — 4.7% , 0.8 — 13.7% and 1.1 — 20.9%, respectively, for 0.94 g of
stainless steel filter and 3.7 — 14.8% , 4.3 — 31.2% and 11.6 — 41.2%, respectively, for
1.83 g of stainless steel filter. Moreover, the pressure drop of the cyclone combined
with 4-mm and 8-mm fibrous filter is lower than that of the cyclone by 32.7 and
38.8% for 4 mm and 8 mm fibrous filter, respectively, and 23.5 and 20.5% for 0.94 g

and 1.83 g of stainless steel filter, respectively.
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CHAPTER 1
INTRODUCTION

1.1 General Background

Cyclones, the particulate collectors using centrifugal force to separate
the particles from dust-laden gas flows, are widely used in the field of industrial
particulate control because of the simple structure and low-cost in operation.
Moreover, they can withstand high temperatures and pressures. Cyclone collector is
mostly used for the collection of medium-sized and coarse particles. They can be
used effectively for particulates generally larger than 10 um (Jiao et al, 2006).
However, the collection efficiency is low for fine particles. They are generally used as
upstream precleaners of other devices to reduce the dust loading and to remove larger,
abrasive particles.

There are two methods to improve cyclone performance: one is to
optimize the configurations and geometric dimensions of the cyclones and the other is
to equip additional separation devices to the cyclones. Stairmand high-efficiency
cyclone is the result of the first method (Stairmand, 1951), adjusting the cyclone
configuration to meet the high-efficiency and acceptable pressure drop requirement of
the lab-scale cyclone. However, optimized cyclone still cannot meet the requirements
of fine particle separation. Thus, some researchers have seeked an alternative
approach by introducing additional devices to obtain higher separation efficiency, for
example: the double cyclone (Lim et al, 2004a), an additional cylinder exists between
the outer wall and the gas outlet compared to the conventional cyclone; double inlet

cyclone (Lim et al, 2003), a cyclone with a inlet divided into two.

1.2 Literature Review

In order to understand how to improve the cyclone performance for the

fine particles, modification of cyclone configuration and addition of separation



devices are studied. In the past, improvement of the cyclone for fine particles has

been investigated by many researchers. It will be reviewed here.

1.2.1 Configuration of Cyclones

Lim et al. (2004a) studied the collection efficiency of the conventional
cyclone with different vortex finder diameters (7 and 23 mm), and vortex finder
lengths (23, 46 and 69 mm) and compared the results with the double cyclone. It was
found that the smaller vortex finder diameter (7-mm), the higher collection efficiency
because a well-defined outer spiral flow and a small and long inner spiral flow is
formed. The cyclone with shortest vortex finder length (23-mm) shows the highest
collection efficiency. Since the longer vortex finder causes the flow field inside
cyclone becomes turbulent. The collection efficiency of the double cyclone is higher
than that of the conventional cyclone with 23-mm vortex finder diameter, but lower
than that with 7-mm vortex finder diameter. An additional vortex might not form in
the annular spaces or the intensity of the vortex may not be strong enough to separate

particles in the double cyclone.

Lee et al. (2006) investigated the effects of the cylinder shape on the
flow characteristics and particle collection efficiency. The cyclone with a conical
section twice as long as that of the Stairmand cyclone was used. It was found that the
long-cone cyclone has unstable flow field near the bottom of the view finder or air
outlet duct, unlike the Stairmand cyclone. The flow field is not fully developed and
stable in the cylinder region due to the sharp transition to conical section. This
resulted in the short circuiting flow at the view finder opening and adversely affected
the particle collection efficiency. The short-circuiting completely disappears when
the cylinder diameter is increased by 20%. It was also confirmed that the axial
velocity profiles show an M-shape throughout the entire improved long-cone cyclone
region, as in the case of the well-designed Stairmand cyclone. The overall collection
efficiency of the improved cyclone increases about 2-3%, with no increase in pressure

loss.



Chen et al. (2006) studied the effect of the vent-pipe insert depth and
the modified edge-sloped vent-pipe shape on the collection efficiency and pressure
drop. The results showed that the collection efficiency rises with the increase of vent-
pipe insert depth, which reduces the probability of short-circuiting flow. However,
when the vent-pipe is inserted extremely deep, the flow field inside becomes turbulent
which may lead to more exit of the coarser particles at the top with the carrier gas by
re-entrainment. For the modified edge-sloped vent-pipe cyclone, both collection
efficiency and pressure drop drawns the orientation of the sloped edge: the maximum
at 90° and the minimum at 270°. Under the same condition, the pressure drop of the

modified cyclone is about 10% higher than that of the conventional cyclone.
1.2.2 Additional Devices

Wu et al. (2000) investigated the collection performance of oil droplets
by a cyclone with unwoven fabrics attached to inner wall of the outlet tube. Oil
droplets of lubricant were generated either by an oil mist lubrication unit or a two-
fluid nozzle. The first generator was used to generate relatively small droplet at high
concentration: mass median aerodynamic diameter (MMAD) was 2.2 um, geometric
standard deviation (GSD) was 1.95 pm and mass concentration was 0.97 g m>. The
second generator was for relatively large oil mist with a high mass concentration:
MMAD was 5.8 pm, GSD was 2.15 um and mass concentration was 200 g m™. The
overall collection efficiency of an unmodified cyclone was 43%, the 50% cut-off size
was 3.1 um and the pressure drop was 550 Pa. Furthermore, it was noticed that the
collection efficiency of droplet larger than about 7 um decreased because of the re-
entrainment of large droplets from the oil film. When the polypropylene fabric with
thickness of 1 mm was attached, the overall collection efficiency was increased to
50.9% and the 50% cut-off size was decreased to 2.86 um. However, the polyester
fabric with thickness of 2.5 mm significantly increased the overall collection
efficiency to 76.9% and reduced the 50% cut-off size to 1.5 pum. Furthermore, no

decrease in the collection efficiency for droplets larger than 5 um due to the re-



entrainment from the oil film was observed. The pressure drop of cyclone with the
polyester fabric was increased to 750 Pa.

Jo et al. (2000) investigated the collection efficiency for the fine
particles of a reverse flow cyclone in combination with a post cyclone (PoC) to the
gas exit duct. The PoC consists of two cylindrical shells, arranged in an annular
configuration and placed on the exit duct of a reverse flow cyclone. When the test
velocity is in the range of 4.9-23.2 m s®. The results showed that the overall
efficiency of the cyclone combined with the PoC is higher than that of the cyclone
alone for 2-20% depending of on the operating conditions and the size of the cyclone.
The pressure drop over the PoC is approximately 10% of the total pressure drop over
the cyclone. Although the PoC is quite effective for the removal particles between 3
and 10 pum, a collection of particles below 3 um cannot be improved significantly.

Wang et al. (2005) studied the insertion of a stick into the cyclone. One
end of the stick is fixed at the point (radius of 54 mm and direction of 175°) on the top
cover of the cyclone separator, and the other is fixed at the cone bottom in the same
azimuth. The turbulence structures of the flow field were observed using Laser
Doppler Velocimetry (LDV). The results showed that the insertion of a stick
decreased the mean tangential velocity remarkably and increases the turbulence
intensity. Besides the insertion of a stick also change the original vortex flow field to
be non-axisymmetrical, and reduce the pressure drop of cyclone collector. This is due
to the stick reduces the rotational kinetic energy more than increases the turbulent

energy.

1.2.3 Basic Parameters

Fassani and Goldstein Jr. (2000) studied the effect of high inlet solid
loadings on cyclone pressure drop and collection efficiency using a fluid catalytic
cracking (FCC) catalyst with a single size distribution and Sauter mean diameter of

35.95 um. The range of concentrations was extended up to 20 kg of solids/kg of gas



and the average entrance velocities were 7, 18 and 27 m s™. It was observed that the
higher the velocity, the higher the pressure drops, independent of solid loading. The
results also showed that the present of particles in the gas stream reduced the cyclone
pressure drop, compared to the dust free flow. The dust laden air flow pressure drop
may be estimated as 47% of the clean air flow pressure drop. The phenomenon is due
to a reduction of the tangential gas velocity, caused by an increase in wall friction or
the equalization of the gas momentum of adjacent layers by particle inertia. The
collection efficiency increases with concentration until up to 12 kg of solids/kg of gas,

then it has a tendency of reduction.

1.3 Research Objectives

In the present work, an attempt has been made to improve the
collection performance of cyclone for the fine particles, smaller than 1 um, by using
combination of filter and cyclone. The objectives of this work are:

1. To investigate the fine particle collection performance of a combined
cyclone-filter collector in comparison with a regular cyclone by varying basic
operating parameters which are inlet velocity, particle size, filter configuration, and
filter characteristic.

2. To compare the theoretical values of cyclone performance with

experimental data.



CHAPTER 2
THEORY

2.1 Cyclone Collectors

Cyclone collector is a gas cleaning device that employs a centrifugal
force generated by a spinning gas stream to separate the particulate matter (solid or
liquid) from the carrier gas. It is probably the most widely used equipment in any
industrial and other purposes. The typical cyclone collectors are usually employed for
removing particles larger than 10 um. However, conventional cyclones seldom
remove particles with an efficiency greater than 90 percent unless the particle is 25
um or larger. In practice, it has been worked out to place a large number of small
cyclones in parallel in order to treat a large amount of polluted air or in series when

the higher efficiency is required.

2.2 Principles of Cyclone Collectors

In principle, the polluted air entering the tangential inlet on the top of
cylindrical body of cyclone creates descending vortex as shown in Fig. 2.1. The flow
moves in spiral pattern downward between the walls of the clean air outlet and the
inner wall of the cyclone. When the air comes near the bottom of the cone, the vortex
reverses its direction of axial flow but maintains its direction of rotation which is
called ascending vortex; traveling upward to the air outlet or vortex finder. Dust
particles are centrifuged toward the wall and collected by inertial impingement. The
collected dust flows down in the gas boundary layer to the cone apex where it is
discharged through a dust hopper. Thus there are four basic steps involved in cyclone

operation: dust concentration, descending vortex, dust discharge and ascending vortex.



Polluted air

Descending vortex

Ascending vortex

“— Particle discharge

Figure 2.1 Basic cyclone configuration showing flow direction.

Dust Concentration

The polluted air entering the top parts of cyclone. Under centrifugal
force, dust particles move toward to the cyclone wall because of its inertial force.

Dust particles are concentrated near the walls.

Descending Vortex

Dust particles of large diameter which are separated along the wall are
carried down by the helical stream of gas in the cyclone body and cone. These dust
particles are ultimately discharged in the dust bin. The gas reverses its direction and

enters the ascending vortex.



Dust Discharge

The dust consists of particles which are concentrated near the wall and
away from the ascending vortex. They are then carried out downwards. The dust is
discharged at the apex of the cone. The ascending vortex actually starts somewhere in
the hopper of dust bin below the cyclone cone. The dust particulates with some gas
must be carried into the hopper. If too much gas is carried into the hopper, collected

dust may be re-entrained and carried up by the ascending vortex.

Ascending Vortex

The gas from the descending vortex reverses its direction and goes up
from the bottom to the top. The length of the ascending vortex is from the dust outlet

to the outlet of the gas exhaust duct.

2.3 Types of Cyclone Collectors

Cyclones can be divided into three classes in the point of view of their
efficiency (Storch et al., 1979): high efficiency cyclone (98-99% efficiency),
conventional cyclone (70-80% efficiency), and high throughput cyclone (50%
efficiency) as displayed in Fig. 2.2. Among these three cyclone types, high efficiency
cyclone is likely to have the highest pressure drop and smallest body diameter, while

high throughput cyclone can treat large volume of gas with a low pressure drop.
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Figure 2.2 Fractional collection efficiency as a function of particle size for several

types of cyclone (Stern et al., 1968).

Each type of these three cyclones has the same basic configuration.
Different levels of collection efficiency are achieved by varying the standard cyclone
dimensions, identified in Fig 2.3, according to the values shown in Table 2.1

(Wolfgang ang Vincent, 1980).
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Table 2.1 Dimensions of standard cyclone (Wolfgang ang Vincent, 1980)

High Efficiency Conventional High Throughput
Cyclone Peterson | de Heinsohn
dimension | Surmand | Sueny | (o | (oge) | &Whitby | Nevers | & Kabel
(1965) | (1995) | (1999)
Body diameter,
DD, 1.0 1.0 1.0 1.0 1.0 1.0 1.0
ﬁftHelght’ 0.5 044 | 05 | 05 | 0583 | 075 | 08
g}gthdth’ 02 | 021 | 025 | 025 | 0208 | 0375| 035
Gas Exit
Diameter, DD, 0.5 0.4 0.5 0.5 0.5 0.75 0.75
Vortex Finder
Length, S/D. 0.5 05 [0625| 06 | 0583 | 0.875| 0.85
Cylinder height, | 4 14 | 20 | 175 ] 1333 | 15 1.7
h/D.
Cone Length,
LD, 2.5 25 2.0 2 1.837 2.5 2.0
Dust Outlet
Diameter, B/D, 0.375 04 | 025 | 04 0.5 0.375 0.4
—1

b —_ - —

r——-—
I

L~ ]

Figure 2.3 Schematic diagram of standard cyclone.




11

One cyclone may be classified in more than one class, depending upon

the particle size being collected, as shown in Table 2.2 (Stern and Knowlton, 1968).

Table 2.2 Overall cyclone collection efficiency (Stern and Knowlton, 1968).

Particle size range (1um)

Conventional cyclone

High-efficiency

<5
15-20
15-40

>40

<50
50-80
80-95

95-99

50-80
80-95
95-99

95-99

2.4 Particle Collecting Mechanisms

The separation mechanism of cyclone separators is based on a vortex

motion, causing the centrifugal force to separate particles from the cleaned air, the

particles move away from the cyclone axis towards cyclone wall.

Figure 2.4 The forces acting on a particle in a fluid.
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There are many forces acting on a particle in cyclone collector,
including centrifugal force, drag force and gravity force. However, the movement in
the radial direction is the result of two opposing forces where the centrifugal force acts
to move the particle to the wall, while the drag force of the air acts to carry the
particles into the axis. As the centrifugal force is predominant, separation takes place.
Fig. 2.4 shows the forces acting on a spherical particle settling through a fluid under
the influence of centrifugal force and drag force. Writing Newton’s law for the

particle, we obtain

dv
F-F =m— 2-1
) v dv
p ro_ r
Tppa)zr—CdApppy—mp dt (2-2)

where d | is the particle diameter (m), o, is the particle density ( kg m”), @ is the
angular velocity (rad s™), r is the radius of the velocity path (m), C, is the drag
coefficient, A, is the particle cross section area (m?), v, is the radial velocity of the

particle (ms™) and m o 18 the mass of the particle (kg).

The first left-side term (Fc) is the centrifugal force on each particle
which occurs when it travels around the cyclone axis. Its magnitude depends mainly
on three factors: mass of each particle, radius of spiral motion and particle velocity.
The second left-side term (F,) is the drag force which is the force that resists the

movement of a solid object through a fluid. The drag is the sum of all the

aerodynamic forces in the direction of the external fluid flow.
2.5 Cyclone Collection Efficiency
The most important parameters of a cyclone performance are its

collection efficiency and the pressure drop across the unit. The meaning of cyclone

efficiency is defined as its ability to capture and retain dust particles whereas the
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pressure drop is the amount of power that the unit need to process. In collection of
particle, the penetration of particles is usually used rather than the collection
efficiency in order to understand the penetration characteristics of the collectors.

Penetration (P) of the collector is defined as:
P=1-E (2-3)
where E is the collection efficiency. In this work, the penetration will be used.
2.5.1 Collection Efficiency Models

In order to verify the experimental setup, three theoretical models:
Crawford, Mixed flow and Leith & Licht model will be used to calculate the

penetration of the test cyclone.
2.5.1.1 Crawford’s Model (Crawford, 1976)

In Crawford’s model for a reverse-flow cyclone collector, the effect of
laminar layer next to the outer edge of the cyclone is considered, as shown in Fig. 2.5
such that all particles which enter it are captured. This model is based on the
following assumptions.
- Neglecting boundary-layer effects, therefore no secondary flows induced by
the presence of sidewalls (no friction exists in the flow).
- The particle is moving at its terminal velocity at all points along its trajectory.
- The effect of the turbulent eddies is to distribute the particles uniformly over

the cross section at any given angle ¢
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@

} | —

h Laminar layer

dr

Figure 2.5 Turbulent cyclone flow.

The penetration of dust for the reverse-flow cyclone was suggested to

be calculated from the following expression:

P = exp| - £,Q 4,6 (2-4)
36/19 a(r, — \/E)(rz - rl)

de

where the total turning angle 8, becomes

Vi

6 - 2z(h+L,/2) @-5) Ve

a

where Q is the flow rate (m’s™), 6, is the total turning angle (rad s, Uy 1s the gas

viscosity (kg m™” s7), a is the inlet height of cyclone (m), r, is the radius of exit duct,
r, is the radius of cyclone body, h is cylindrical height of cyclone (m), and L, is

cone height of cyclone.
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2.5.1.2 Leith and Licht Model (Leith and Licht, 1972)

Leith and Licht described particle motion in the entry and collection
regions with the additional following assumptions:
- The tangential velocity of a particle is equal to the tangential velocity of the
gas flow, that is, there is no slip in the tangential direction between the particle
and the gas.

- The tangential velocity is related to the radius by: UR" = constant.

The particles penetration could be described by the following

expression:

0.5/n+1
P= exp[— 2[G;‘3/0 (n+ 1)] } (2-6)

where G is a factor related to the configuration of the cyclone (-), 7 is the relaxation

time (s), V, is the inlet volumetric flow rate (m’ s™), D, is the cyclone body diameter

(m), n is the vortex coefficient (-).
The factor describing the geometric configuration becomes

4D, (2V, +V)

G a’b’

(2-7)

where V. is the secondary volumetric flow rate (m’ s), V is the volumetric flow rate

(m’ s™).
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The secondary volumetric flow rate and the volumetric flow rate are

calculated from

V. =[z(S—-a/2)(D?-D?})]/4 (2-8)

D] D2 H-h B B?* D]
— c _ c _ e _ 2_9
v 2 (h=3)+( 2 )(—3 )(1+—DC+—D02) 2 (H-9) (2-9)

where S is vortex finder length (m), h is the cylinder height of cyclone (m), H is

the cyclone height (m), B is the dust outlet diameter (m), D, is the gas exit diameter

(m).

The relaxation time is calculated by

d2
r=tee (2-10)
18u

The vortex exponent becomes

I =1_(1_(12Dc)°"4 ](T +460j 1)

2.5 530

where T is the absolute temperature (K).
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2.5.1.3 Mixed Flow Model (de Nevers, 1995)

This model is applied from the gravity settler which the outer helix is
equivalent to the gravity settler. This model is based on the following assumptions.
- No mixing in the direction of fluid flow (x, horizontal)
- The gas flow is totally mixed in transverse direction (y, horizontal, or z

vertical)

The penetration for the mixed flow could be described as the

following:

2
- N V.d, p, (2-12)
P 9bu,

where N, is the number of turns that the gas makes traversing the outer helix, V,_ is

circular velocity (ms™), b is the inlet width (m).

The number of turns is calculated by

N, :l(mij 2-13)

2.5.2 Collection Efficiency Parameters

Cyclone efficiency has been widely studied and generally shown to
increase with the following parameters: increasing cyclone length that provides a
longer residence time of gas (Stern and Knowlton, 1968); reducing vortex finder
diameter and increasing vortex finder length which cause a well-defined outer spiral
flow (Kim and Lee, 1990), modifying the bottom of vortex finder to be cone-shape

which reduces the re-entrainment of separated particles (Lim et al., 2004b).
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Conversely, efficiency of cyclone will decrease with increasing in following
parameters: cyclone wall roughness which causes local eddy currents and reduces
vortex intensity, gas viscosity or density, cyclone diameter, gas outlet diameter, and
inlet duct area. Another common cause of cyclone ineffectiveness is leakage of air

into the dust outlet. Especially, this will decrease the efficiency for fine particles.

2.6 Pressure Drop Across Cyclone

Pressure drop across a cyclone is an important parameter in the
evaluation of cyclone performance. It is the work required to operate the cyclone.
The cyclone pressure drop is a function of cyclone dimensions and its operating
conditions. However, it is well known that the pressure drop is proportional to square
of the inlet velocity. The empirical model used for the prediction of pressure drop is

(Jolius et al., 2005)

P

Ap=a (2-14)

where « is the pressure drop coefficient depending upon the geometrical parameters

of cyclone (-), U is inlet velocity (m s™).

There are four models employed in this work: Shepherd and Lapple
model (Shepherd and Lapple, 1939), Casal and Martinez model (Casal and Martinez,
1983), Dirgo model (Dirgo, 1988) and Coker model (Coker, 1993). The pressure drop

coefficients of these models are listed in Table 2.3.
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Table 2.3 The empirical models of pressure drop coefficient (o).

Model a
16 ab
Shepherd and Lapple a =107
b 2
Casal and Martinez a=11 .3(%} +3.33
b S/D v
Dirgo a =20 a—2 .
D )| (H/D,)(h/D,)(B/D,)
ab
Coker a =947 F

e

2.7 Filtration Theory

Filtration is a physical operation which is used for the separation of

particles from gas streams by interposing a filter to the gas streams. Only gas can pass

while the particles are captured. Collection efficiency of the filter depends upon the

pore size, packing density, face velocity, particle size and the thickness of the filter as

well as the mechanisms that occur during filtration.

2.7.1 Filtration Efficiency

Generally, the collection efficiency (E) of filter is characterized by:

the fraction of entering particles retained by the filter. On the other hand, is usually

characterized in terms of its penetration ( P ): the fraction of entering particles that exit

or penetrate the filter, its can be expressed in terms of a particle number (N ):

(2-15)



20

2.7.2 Single-Fiber Efficiency

To characterize fibrous filtration, the capture of particles by a single

fiber will be considered. The single-fiber efficiency (77) is defined as the ratio of the

number of particles striking the fiber to the number which would strike if the
streamlines were not diverted around the fiber (Baron and Willeke, 1994). If a fiber

of radius R; removes all the particles contained in a layer of thicknessY as shown in

Fig. 2.6, the single-fiber efficiency is then defined as Y / R .

NI

Fig. 2.6 Definition of the single-fiber efficiency.

The overall efficiency (E), of a filter composed of many fibers in a

mat can be related to the single fiber efficiency as follows (Baron and Willeke, 1994):

—4noZ } (2-16)

E = 1—exp| — 112 _
expl:ﬂdf(l—af)

where 771s the single-fiber efficiency, «; is the solidity or packing density of the filter,

Z is the filter depth or thickness, and d; is the fiber diameter.
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2.7.3 Filtration Mechanisms

As air penetrates a filter, the trajectories of particles deviate from the
streamlines due to several mechanisms. As a result, particles may collide with the
fiber surface and become deposited on them. The important mechanisms causing
particle deposition are diffusion, interception, inertial impaction, and gravitational

settling.

Diffusion

Under normal conditions, aerosol particles undergo Brownian motion.
Small particles generally do not follow the streamlines but continuously diffuse away
from them. Once a particle is captured on a surface, it would adhere to it due to the
van der Waals force. The trajectory of one such particle is shown in Fig. 2.7 (Hinds,

1999).

diffusion

Gas streamlines

» -

e
— W Center line
Particle trajectory

Cross section
of fiber

Figure 2.7 Single-fiber collection of a particle by diffusion.

Brownian motion generally increases with decreasing particle size, the
diffusive deposition of particles is increased when the particle size is reduced. This
phenomenon is illustrated in Fig. 2.8. Similarly at low air velocities, particles can

spend more time in the vicinity of the fiber surfaces, thus enhancing diffusional
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collection. From the convective diffusion equation describing this process, a

dimensionless parameter called the Peclet number ( Pe) is defined as

diY,
Pe = (2-17)
D
1-0 T T T L 1 T T T T TT
0.8
— |
8 0.6 |
E 0.6 | |
: 1 |
g 0.4 Diffusion | Diffusion and | Inertial
| regime : interception I impaction
| regime | and
02— I | interception
= I : regime
0 1 1 1 | I - l 1 1 ] I L L L.l I
0.01 0.1 1.0

Particle diameter, um

Figure 2.8 Filter collection efficiency versus particle size illustrating the different

filtration regimes (Baron and Willeke, 1994).

where d| is the fiber diameter, U, is the face velocity of filter, and D is the particle

diffusion coefficient. For pure molecular diffusion (D) is expressed as

o _ KTC,
3md

(2-18)

where K is the Boltzmann constant, T is the absolute temperature. From the above
discussion, particle collection by diffusion is expected to decrease with increasing

Peclet number. The Cunningham correction factor (C_)can be written as
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d
C. =1+ 2404 4 0.84iexp ~-0.435-2
d d y)

p p
where A is the mean free path of the gas molecules

The single-fiber efficiency by diffusion (7, ) was developed by Lee

and Liu (1982):

1— af 1/3
o =2.58 Pe" 2-19
M i [ KU J ( )
where Kuis the Kuwabara hydrodynamic factor, a dimensionless factor that
compensates for the effect of distortion of the flow field around the fiber because of

its proximity to other fibers, defined as

1 3 at
KU=—Eln0{f —Z+af —T (2-20)

Interception

Even if the trajectory of a particle does not depart from the streamline,
a particle may still be collected if the streamline brings the particle center to within
one particle radius from the fiber surface as shown in Fig. 2.9. One would expect the
interception to be relatively independent of flow velocity for a given fiber, and this
characteristic can be contrasted to the flow-dependent characteristics of diffusion and
inertial impaction. The dimensionless parameter describing the interception effect is

the interception parameter(R)defined as the ratio of particle diameter to fiber

diameter:

R=—" (2-21)

where d | is fiber diameter (m).
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Gas streamlines
Figure 2.9 Single-fiber collection of a particle by interception.

The single-fiber efficiency by interception (77 inter), using the Kuwabara

flow can obtain the following expression:

1+R LY, o) o )
i =——|2In(0+R)~-1+a; +| —= | |l -—— |- 1+R)" | (2-22
17 inter 2Ku{ I+R) f [1+ j ( 5 J 5 1+R)71(-22)

where 7,18 the single-fiber efficiency due to interception. Alghetighetirdjedtopiya

complete expression for the interception efficiency, the equation is somewhat long,

and it can be approximated into the following simpler form:

l-a; R?
Ku (1+R)

(2-23)

7] inter



Inertial impaction

The streamlines of a fluid around the fiber are curved.
finite mass and moving with the flow may not follow the streamlines exactly due to
their inertia. If the curvature of a streamline is sufficiently large and the mass of a
particle is sufficiently high, the particle may deviate far enough from the streamline to
collide with the media surface as shown in Fig. 2.10 (Hinds, 1999). The importance
of this inertial impaction mechanism increases with increasing particle size and
increasing air velocity, as shown in Fig. 2.8. Therefore, the effect of increasing air

velocity on the inertial impaction of particles is contrary to that for the diffusive

deposition. The inertial impaction mechanism can be studied by

dimensionless Stoke number ( Stk ), defined as

Stk _£o4:CY,
18u,d

The Cunningham correction factor is defined as

for d,=0.1 um

Y

Particles with

the use of the

Y

4

Figure 2.10 Single-fiber collection of a particle by inertial impaction.
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The Stoke number is the basic parameter describing the inertial
impaction mechanism for particle collection in a filter. A large Stoke number implies
a higher probability of collection by impaction, whereas a small Stoke number

indicates a low probability of collection by impaction.

The expression for the single-filter filtration efficiency due to inertial

impaction (7;,,), using the Kuwabara flow field was proposed by Stechinna et al.

(1969):

~(Stk)J
77imp - (2KU)2

(2-26)

J=(29.6-28a7)R* —27.5R** for R<04  (2-27)

For approximate analysis, a value of J =2 for R > 0.4 can be used.
Gravitational Settling

Particles will settle with a finite air velocity in a gravitational force
field. When the settling velocity is sufficiently large, the particles may deviate from
the gas streamline. Under downward filtration conditions, this would cause an
increased collection due to gravity. When flow is upward, this mechanism causes
particles to move away from the collector, resulting in a negative contribution to
filtration. This mechanism is important only for particles larger than at least a few
micrometers in diameter and at low air velocity. The dimensionless parameter

governing the gravitational sedimentation mechanism is

Y, d:C
Gr— o _Pe%pc8 (2-28)
U, 18yU,

where V_ is the settling velocity of the particle (m s).
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The single-fiber filtration efficiency due to gravity (7,,) can be

approximated as (Davies, 1973):

Gr

== 2-29
1+Gr ( )

77grav



CHAPTER 3
EXPERIMENT

In the present work, an appropriate lab-scaled test cyclone is
constructed. The aerosol penetration (or collection efficiency) of the test cyclone for
fine particles (0.3, 0.5 and 1.0 um) and its reduction characteristic by an addition of
filter (fibrous or stainless steel) to the annular space of the cyclone are studied. The
penetration and pressure drop are investigated under laboratory conditions by varying

parameters such as particle size, inlet velocity, filter types and filter configuration.

3.1 The Aerosol Collectors

3.1.1 Configuration of Original Cyclone Collector

The test cyclone in the present work is a reversed flow circular duct
inlet type. It consists of four main parts: inlet, separation chamber, dust chamber and
vortex finder. It was made of clear acrylic, and the dimensions are shown in Fig. 3.1

and Table 3.1. The same cyclone was used throughout this research work.

[ ]

Figure 3.1 Dimensions of the test cyclone.
28
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Table 3.1 Dimensions of test cyclone

Parameter Dimension
Cyclone diameter, D, (mm) 41
Outlet diameter, De (mm) 16

(with the wall thickness of 2 mm)

Inlet diameter, @ (mm) 8
Outlet height, S (mm) 48
Cyclone height, H (mm) 109
Cylindrical body height, h (mm) 64
Cyclone dust outlet, B (mm) 6

3.1.2 Configuration of Combined Cyclone-Filter Collector

In order to reduce aerosol penetration (or enhance collection
efficiency) of the cyclone, fibrous filter and stainless steel filter are chosen to combine
with the cyclone. The configurations of combined cyclone-filter collectors are

described below.

Combined Cyclone-Fibrous Filter Collector

The cyclone combined with fibrous filter is shown in Fig. 3.2 and its
photograph is shown in Fig. 3.3. Four slabs of the fibrous filter are attached to the exit
core as shown in the diagram. The thickness of the filter is 5 mm while the widths of
the filter are set to 4 and 8 mm. Each filter is installed 90° apart. Under this
configuration, the flow is perpendicular to the filters. When the 4 and 8-mm-width
filters are attached, the gaps between the filter tip and the cyclone wall are 6 and 2
mm, respectively. The effect of the gap to the aerosol penetration will be studied.

Physical properties of the fibrous filter are given in Table 3.2.



Table 3.2 Physical properties of the filters
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Properties

Fibrous filter

Stainless steel filter

Fiber diameter, d, (um)

Thickness, Z (mm)

Packing density, «; (-)

15.54
5
0.0396*

8.65
5
0.0065

* a, is estimated from Davies’ equation (Davies, 1952).

Figure 3.2 Diagram of combined cyclone-fibrous filter.

[ ]
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Figure 3.3 Photograph of cyclone combined with fibrous filter.

Combined Cyclone-Stainless Steel Filter Collector

The stainless steel filter used in this experiment is the inertial filter
used by Otani et al. (2007) in the collection of nanoparticles. Properties of the filter
are given in Table 3.2. When using the stainless steel filter, the configuration has
been modified from the preceding setup. The space between the inner core and the
wall of the cyclone has been filled with the filter as shown in Figs. 3.4 and 3.5. This
is because the stainless steel filter can not be formed into the sheet as in the case of the

fibrous filter. Two different amounts of stainless steel filter, 0.94 and 1.83 g are used.
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[ ]

Figure 3.4 Diagram of combined cyclone-stainless steel filter.

Side viey

Figure 3.5 Photograph of cyclone combined with stainless steel filter.
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Physical Properties of the Filters

Physical properties of both filters are shown in Table 3.2. The
properties of both fibrous filter and stainless steel filter are obtained from the
manufactures of Bilin Company (Japan) and Top value Company (Japan),
respectively. While the fiber diameters are obtained from the SEM images which are

shown in Fig. 3.6.

o | i i

10kY  100um

Figure 3.6 SEM images of (a) fibrous filter and (b) stainless steel filter.

3.2 Experimental Setup

Schematic diagram of the experimental setup is shown in Fig. 3.7 and
its photograph is shown in Fig. 3.8. The test aerosols were spherical polystyrene
particles of diameters 0.3, 0.5 and 1.0 pm, generated from polystyrene latex (PSL)
solution using a collision atomizer (TSI, Model 3079). Water vapor was removed
from the atomized particles by passing the aerosol through a silica gel diffusion dryer.
Then the dried polystyrene aerosol particles were diluted with cleaned air passing
through an absolute filter (American Air Filter, Astrocel II). The particles were
neutralized by Am-241 (Japan Radioactive Association) and then introduced into the
aerosol collector. The desired flow rate or inlet velocity was controlled by adjusting

the needle valves and measured by orifice meters and the corresponding U-tube
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manometers. HEPA filter was used to prevent the aerosol particles from passing

through the orifice meter during experiment.

The aerosol penetration and the pressure drop of the aerosol collectors
were measured to evaluate the collection performance. The penetration was
determined at various velocities for each particle size by measuring the number of
particles at upstream and downstream of the aerosol collectors using a laser particle
counter or LPC (Royco, Portable 330B). The LPC measures particle number
concentration in five size ranges: > 0.3 um, > 0.5 um, > 0.7 pum, > 1.0 pm and > 5 pm.

The penetration (P) can then be calculated from

P — outlet (3_ 1 )

inlet

Here C,,, and C . are concentrations of particles at the upstream and downstream

inlet
of the aerosol collectors. The pressure drop across the aerosol collectors was
measured by either a differential pressure transducer (MSK, Baratron pressure

transducer Type 223) or a U-tube manometer.

- Mﬂi@

Figure 3.7 Schematic diagram of the experimental setup for measuring collection

efficiency of the aerosol collectors.
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Figure 3.8 Photograph of the experimental setup.

Experimental Parameters

The aerosol collection performance of the original cyclone and the
combined cyclone-filter collectors were investigated by varying basic operating

parameters such as particle size, inlet velocity and filter types as given in Table 3.3.

Table 3.3 Parameters used in the experiment

Condition Range
Particle size, d , (um) 0.3,0.5and 1.0
Inlet velocity, U (m s'l) 1.84, 3.53, 4.09, 5.78, 8.53, 13.45 and 16.72
Fibrous filter width (mm) 4 and 8
Amount of stainless steel (g) 0.94 and 1.83
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3.3 Preparation of Polystyrene Latex

The polystyrene particle sizes of 0.3 and 0.5 um are obtained from Duke
scientific. Polystyrene particle size of 1.0 um was prepared by soap-free emulsion
polymerization (Inukai et al., 2001). A 250 mL three-necked flask was purged with
nitrogen gas. Then 22.9 g of styrene (99.9% wt., Merck), 0.35 g of NH4OH (35%
min., J.T.Baker) and 0.05 g of NH4Cl (Analytical-grade, J.T.Baker) were charged into
the flask. The volume was adjusted by adding deionized water and reaction mixture
was deoxygenated by bubbling with nitrogen gas under stirring. After heating the
reactant to 65°C, 3.14 g of 2,2'-azobis[N-(2-carboxyethyl)-2,2-methylpropionamidine]
n-hydrate initiator (95.0% min, Wako Pure Chemical) was added. When monomer
droplets disappeared (after 10 h of reaction time), polystyrene particles were
precipitated by pouring the reaction mixture into excess methanol (Analytical-grade,
J.T.Baker), and collected by filtration. The size distribution of polystyrene particles
was measured using laser particle analyzer (Malvern, Mastersizer 2000) as shown in
Fig 3.9. The volume-averaged diameter of the particles was 2.2 um while the
coefficient of variation was 189.3 %. The obtained particles were dispersed in 0.5%
sodium docecylsulphate (SDS) solution and centrifuged. Then the upper fraction was

collected and redispersed again in 0.5% SDS, then used in this work.

Particle Size Distribution

Volume (%)

CORNWAUON®O
o
=

0.1 1 10 100 1000 3000

Particle Size (um)
—PS 10 Hr - Average, Friday, March 30, 2007 2:28:43 PM

Figure 3.9 Particle size distribution of polystyrene particles.



CHAPTER 4

RESULTS AND DISCUSSION

4.1 Aerosol Penetration of the Test Cyclone

The penetration of a model cyclone collector was investigated for fine
particle sizes of 0.3, 0.5 and 1.0 um. The experimental results were compared with
three models: Crawford (1976), mixed flow (de Nevers, 1995) and Leith and Licht
(1972) models as shown in Figs. 4.1 (a), (b), (c) and (d), for inlet velocities of 1.84,
4.09, 8.53 and 16.72 m s™, respectively. It appears that the Crawford model gives the
best agreement with experimental results for all inlet velocities. That means the
effect of the turbulent eddies results in the lowering of the tangential velocity so that
the actual velocity distribution follows rather closely the modified cyclone-flow
distribution of Eq. (2-5). However, for inlet velocity of 1.84 m s™, the deviation from
the mixed flow model is not very large. The agreement with the Crawford model is
not surprising as it was carried out to calculate the particle collection efficiency for
the reverse flow cyclone. Leith and Licht model is based on the assumptions of a
force balance showing the lower calculated penetration than the other models (Lorenz
et al, 1994). The differences between penetration calculated from Crawford model
and experimental results for each particle size of all velocities are shown in Table 4.1.

37
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Figure 4.1 Comparison between theoretical and experimental data of dust penetration

at inlet velocities of (a) 1.84 ms™, (b) 4.09 ms™, (c) 8.53 ms™ and (d) 16.72 ms™.



40

Table 4.1 The differences between the penetration calculated from Crawford

model and experimental results

Inlet velocity, ms™ 7 Difference
dp=0.5um dp=1.0 um
1.84 1.27 1.72 1.14
3.53 1.24 2.08 0.5
4.09 1.25 1.89 0.25
5.78 1.14 1.26 1.7
8.53 0.95 1.68 4.87
13.45 0.91 0.15 0.92
16.72 1.45 0.65 3.78
average 1.17 1.35 1.88

4.2 Collection Efficiency of the Combined Cyclone-Filter Collectors

The aerosol penetration of the combined cyclone-filter collector was
investigated, and compared with that of the test cyclone. The effecting parameters

include particle size and the gap between fibrous filters and the cyclone wall.

4.2.1 Effect of Particle Size for the Combined Cyclone-Fibrous Filter

Collector

The effect of particle size (0.3, 0.5 and 1.0 um) on the penetration of
the combined cyclone-fibrous filter collectors was investigated and compared with the
model cyclone for 4 different inlet velocities: 1.84, 4.09, 8.53 and 16.72 m s, as
shown in Figs. 4.2 (a) to (d). It was found that the penetration of cyclone and
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combined cyclone-filter collectors decreases significantly when either particle size or
gas inlet velocity increases. In the case of combined cyclone-fibrous filter collector,
when fibrous filter width increases, the penetration decreases. Penetration for the
cyclone combined with 4-mm-width filter is lowered by 0.4-2.2%, 0.6 — 6.2% and 3.2
— 9.4% from that of the cyclone alone for the particle sizes of 0.3, 0.5 and 1.0 pm,
respectively, in the tested velocity range. The values for the cyclone combined with
8-mm-width filter are 0.3 — 5.5%, 1.3 — 15.8% and 1.7 — 19.9% in the same tested
velocity range. The presence of the fibrous filter enhances the collection efficiency of
fine particles via changing the centrifugal force to inertial impaction. The filtration
mecahnism becomes more significant for collecting the fine particles. For filtration,
the penetration of fine particles was calculated from equation (2-22) for fibrous filter
and shown in Fig. 4.3.  From this figure, it can be seen that the penetration decreases
with increasing the particle size and filtration velocity. However, at inlet velocity of
16.72 m s and fibrous filter width of 4 mm, the penetration is higher than that of the
cyclone for the particle size of 1.0 um. This is because the cyclone flow field was
disturbed by the filters, similar to the results of Wang et al. (2005). They reported
that the insertion of the stick into the cyclone changed the cyclonic flow distribution
by decreasing the tangential velocity and increasing the turbulence intensity.
Therefore, the particle size of 1.0 um caused a higher penetration due to its trajectory

was disturbed by fibrous filters, while the smaller sizes were collected by the filter.
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Figure 4.2 The effect of particle size on the penetration for the combined cyclone-
filter collector at inlet velocities of 1.84 ms™, (b) 4.09 ms™, (c) 8.53 m s™ and (d)
16.72ms™.
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Figure 4.3 The effect of particle size on the penetration for filtration with fibrous
filter at inlet velocities of (a) 1.84 m s, (b) 4.09 m s, (c) 8.53 ms™ and
(d) 16.72 ms™.

4.2.2 Effect of the gap between filter tip and the cyclone wall to the collection

efficiency

The gaps between fibrous filter tip and cyclone wall are 6.5 and 2.5
mm for cyclone combined with fibrous filter of 4 mm and 8 mm width, respectively.
The penetration of the combined cyclone-filter collector tends to decrease with
increasing the filter width or reducing the gap. This is due to the greater filtration
area for the larger filter. The larger width of the attached filter reduces the area of the
spiral flow. The layer of the flow away from the cyclone wall contains smaller
particles than the layer near the wall. This could be why the small particle collection

efficiency increases for the combined cyclone filter collector.
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4.2.3 Effect of Particle Size for the Combined Cyclone-Stainless Steel Filter

Collector

The combined cyclone-filter collector was modified by changing the
filter type to stainless steel filter. In this experiment the filter material was used to fill
up the annular space between the cyclone wall and the exit core. The effect of
particle size on the penetration of the combined cyclone-stainless steel filter collector
compared with the original cyclone for 4 different inlet velocities are shown in Figs.
4.4 (a) to (d). The results show that the penetration of the combined cyclone-stainless
steel filter collector decreases with increasing the amount of the filter as expected.
Besides, the penetration of the cyclone combined with stainless steel filter collector
also decreases with increasing the particle sizes. When the cyclone combined with
0.94 g stainless steel filter, the penetration is lowered by 0.6 — 4.7%, 0.8 — 13.7%, 1.1
— 20.9% for particle sizes of 0.3, 0.5 and 1.0 um, respectively, from that of the
cyclone in the tested velocity range. When the amount of filter is double to 1.83 g,
these values are 3.7 — 14.8%, 4.3 — 31.2%, 11.6 — 41.2%. The explanation for this is
similar to the case of the combined cyclone-fibrous filter. The penetration for
filtration using stainless steel filter, calculated from the equation of (2-22), is shown
in Fig. 4.5.
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Figure 4.4 The effect of particle size on the penetration for the combined cyclone-
stainless steel filter collector at inlet velocities of 1.84 m s, (b) 4.09 ms™, (c) 8.53
ms’and (d) 16.72 ms™.



48

1.0
0.8
- ~ .
= . ~ ~ ~
£ 06 F TS
E —— Face velocity=1.84ms"~ RN
: ‘q
& 04 F| = =Facevelocity=4.09ms" '
on L = =Face velocity = 8.33 ms’
----- Face velocity = 16.72m s~ Stainless steel filter
0.0 —_—
0 0.2 0.4 0.6 0.8 1

d;, (pum)
Figure 4.5 The effect of particle size on the penetration for filtration with stainless
steel filter at inlet velocities of 1.84 ms™, (b) 4.09 ms™, (c) 8.53 ms™ and
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4.3 Pressure drop
4.3.1 Pressure Drop Prediction under Different Inlet Velocities

The cyclone pressure drop was measured for inlet velocity ranging
from 1.84 to 16.72 m s, The comparison between experimental data and theoretical
calculation is shown in Fig. 4.6. The results show that Dirgo’s model (Dirgo, 1988)
yields a best prediction of cyclone pressure drop under different operated inlet
velocities with the errors of 2.7 — 54.4%. Since the pressure drop coefficient (« ) for

Dirgo’s model includes the other dimensions of cyclone (Karagoz and Avci, 2005).
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Figure 4.6 Evolution of cyclone pressure drop with inlet velocity and a comparison

between experimental data and four empirical models.

4.3.2 Pressure Drop of the Combined Cyclone-Filter Collector

Fig. 4.7 shows that the pressure drop of combined cyclone-filter
collectors is smaller than that of cyclone. This is due to the presence of the filter
causes the increasing of the turbulence intensity affecting in the reduction of
tangential velocity (Wang et al. 2005). For the cyclone combined with fibrous filter
4-mm and 8-mm-width, the pressure drop is lower by 32.7 and 38.8%, respectively.
The flow is perpendicular to the filters and the flow field is disturbed by the filters,
cause the decrease of velocity. When cyclone combined with 0.94 g and 1.83 g of
stainless steel filter, the pressure drop is lower by 23.5 and 20.2% respectively. The
pressure drop reduction of cyclone combined with 0.94 g of stainless steel filter is
lower than that of cyclone combined with 1.83 g of stainless steel filter. That because

of the reduction of annular space increases the tangential velocity.
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CHAPTER 5
CONCLUSIONS

In this work the fine dust collection performance of the test cyclone

collector was improved by the cyclone-filter combination. The penetration

characteristics of the test cyclone, filter, cyclone-filter collectors for the fine particles

were studied.

Moreover, types and configuration of filters were investigated. The

following conclusions can be drawn from the present study:

(1) The theoretical values are in an acceptable agreement with experiment

results for the normal cyclone. Average values of difference between
theoretical penetration and experimental results of cyclone
performance for particle of 0.3, 0.5, 1.0 um are 1.47%, 1.76% and
2.21% respectively, in the test velocity range.

(2) The penetration of a cyclone and a combined cyclone-filter collectors

©)

(4)

(%)

decrease with increasing either particle size or inlet velocity as
expected.
The penetration of a combined cyclone-filter collector with 4-mm-
width fibrous filter is lower by 0.4 — 2.2%, 0.6 — 6.2% and 3.2 — 9.4%
than that of original cyclone for the particle sizes of 0.3, 0.5 and 1.0
um, respectively, in the test velocity range. However, at inlet velocity
of 16.72 m s™ the penetration of the combined cyclone-filter is higher
than original cyclone for the particle size of 1.0 um. This is due to the
cyclone flow field was disturbed by presence of the filter.
The penetration of a combined cyclone-filter with 8-mm-width is
lower by 0.3 — 5.5%, 1.3 — 15.8% and 1.7 — 19.9% than that for
original cyclone of the particle sizes of 0.3, 0.5 and 1.0 um,
respectively, in the test velocity range.
The penetration of a combined cyclone-filter collector with 0.94 g of
stainless steel is lower by 0.6 — 4.7%, 0.8 — 13.7%, 1.1 — 20.9% than
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that of original cyclone for the particle sizes of 0.3, 0.5 and 1.0 um,
respectively, in the test velocity range.

(6) The penetration of a combined cyclone-filter with 1.83 g of stainless
steel is lower by 3.7 — 14.8%, 4.3 — 31.2%, 11.6 — 41.2% than that of
original cyclone for the particle sizes of 0.3, 0.5 and 1.0 um,
respectively, in the test velocity range.

(7) The penetration of fibrous filter and stainless steel filter in filtration
tends to decrease with increasing face velocity. This is because the
dominance of interception or impaction when the velocity is
increased.

(8) The pressure drop of cyclone combined with 4-mm and 8-mm fibrous
filter width at the same inlet velocities is lower than cyclone pressure
drop about 32.7 and 38.8%, respectively.

(9) The pressure drop of combined cyclone-stainless steel filter, which
amount of stainless steel filter are 0.94 and 1.83 g at the same inlet
velocities is lower than cyclone pressure drop about 23.5, 20.2%
respectively.

(10) The pressure drop of fibrous filter and stainless steel filter in filtration
at the same inlet velocities is higher than cyclone pressure drop about
630% and 360% respectively.
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