TABLE OF CONTENTS

Volume I
Chapter 1|
Introduction ... ... ... 1
L Variations of the Cyclone Dust Collector ........... ... ... .. .. .. ..., 1
11. Behaviors of Solid Particles in the Gas Flow ........... .. ... ... ... 1
III.  Particle Sizes and Dust Collectors .......... ...t 7
IV.  Types of Dust Collectors and Their Characteristics ..., 8
A. Rotex Centrifugal Separator ... 10
B. Cyclone Dust Collectors. ... .......ooiiuii i 10
C. Bag Filter ... ... o 10
D. Electrostatic Precipitator............ ..o 11
E. Fractional Collection Efficiency ............ ...l 13
V. Types of Dust Collectors ...... ... 14
VI.  Collector System. ... ... ..ot 15
A. Production Plant of Carbon Black ... 15
B. Air Cleaner fora Bus ......... ... e 17
VII.  Flow Diagram for Design of a Dust Collector System ........................... 18
2] (11 36
Chapter 2
Fluid Flow in Ducts and Flow Past a Sphere and a Cylinder ........................ 37
L. INtroduCtion . .. ..o i e 37
II. Flow in the Inlet (Entrance) Length....... .. ... ..o i 39
III.  Friction Factor for a Pipe With a Rough Surface ....................... ... 41
IV.  Pipe Friction Factor for Special Cross-Sectional Forms.......................... 42
A. General Representation of the Pipe Friction Factor....................... 42
B. In the Case of Laminar Flow................. ..o, 44
1. Elliptical Pipe........ ..o 44
2. Coaxial Cylindrical Pipes ...l 45
3. Rectangle Pipe............oo i 46
C. In the Case of Turbulent Flow ............ ... .. 46
V. Entrance Length for Laminar Flow in Rectangular Ducts ........................ 47
VI.  Flow Past a Cylinder and a Sphere ... 47
A. Flow Past a Cylinder (Blasius Series) ............ooooiiiiiiiiniinn... 47
B. Viscous Flow Around a Sphere at Low Reynolds Number
(ReP =40). i 49
C. Flow Past an Accelerated Moving Spherical Particle ..................... 49
VII.  Karman Vortex Street. . ... ...oviuiniii i 51
A. Phenomena of Karman Vortex Street..............oooiiiiiiiiiiian. 51
B. Vortex Shedding from Circular Cylinders in Sheared Flow............... 54
C. Visualization of Accelerated Flow Over a Circular Cylinder ............. 55
D. Oscillation of the Wake Behind a Flat Plate Parallel to the Flow......... 58
S 155 (=) (o= 60
Chapter 3
Characteristics of Drag Forces on Solid Particles .................................... 61
I IntrodUCHION . ... 61

I1. Terminal (Sedimentation) Velocity of the Solid Particle ......................... 61



II.  Drag Coefficient ......... ..o
A. Basina and Maksimov Experiment ........... ... .. ... .ol
B. Ingebo Experiment ........ ...

IV.  Schultz-Grunow and Sand Experiment
V. Relationship Between the Terminal Velocity, Particle Number, and Particle

Volume COnCentration . ... ......o.uutntn et i i eaens
R ETOIICES . . .. ittt e e
Chapter 4
Motion of Solid Particles in Fluids ...
I INtrOdUCHION . . . oot
1L Solid Particles in Turbulent Flow .............. ...
II.  Loci of Water Droplets in a Rectangle Duct........................ooi
IV.  Deposition of Solid Particles in Turbulent Gas Flow...........................
A. Mechanism of Particle Transport ...,
B. Physical Interpretation of the Deposition ...................cooi.t.
V. Motion of the Solid Particle in Allen and Newton Drags ......................
A. Upward Vertical Motion of the Solid Particle ..........................
B. Theoretical Calculation of the Vertical Motion of the Solid Particle
Without the Wall Collision....... ...
VI.  Fundamental Theory of the Solid Particle Separation by Applying Allen Drag
7,2
A. Fundamental Respect ...
B. Separation of the Solid Particle in the Vertical Flow System...........
C. Cyclone Separator .. ........ooviiiiiiiniinit i
D. AL SEPATALOT . . ...ttt e e e e
VII.  Collision of Solid Particles on the Solid Surface by Vollheim .................
VIII. Motion of Fine Solid Particles in Turbulent Air Flow Near a Solid Plane
Surface (Bohnet Theory) . ....o..viiiiiiiii e
S L 0 115 < PP PN
Chapter 5
Dynamical Similarity of the Solid Particle ............................oo
I 11120 L1157« WO O
I1. Equation of Motion and Similarity for the Motion of a Solid Particle .........
A Geometrical Similarity of the Boundary .....................cocnln.
B. Similarity of the Fluid Flow............. ..o,
C. Similarity of the Loci of Dust Particles.......................oooet.
[II.  Experiments of the Similarity by the Models of Settling Chambers (Barth
EXPEIIMENES) . . e e v veeteet et e e e ettt e ettt
A. MoOdel I oo s
B. Model Il . o
C. Model T1L. ...t e
IV.  Model Experiment of the Hydraulic Cyclone for Collection Efficiency by
Barth and TIUNZ ... .o et
REEEIEIICES . « -« e v et ettt e e e e et et e e et et e e e e e e e
Chapter 6
Fractional Collection Efficiency and Total Collection Efficiency...................
I. 0900 407 13Tl To ) o A
II. Relationship Between Total Collection Efficiency and the Fractional
Collection Efficiency. ... ...

..69



HI.  Determination of Fractional Collection Efficiency by Schmidt.................. 113

References. ... ... 116
Chapter 7
Simple Description of Pneumatic Transportation (Chip Transportation)........... 117
L. INtrodUuction .. .. ..o e 117
II. Characteristics of Transported Materials ...........................oo. 117
I1I. Effects of Concentration (Mixture Ratio) .............. ... ... ... i .. 119
IV.  Transportation Mechanism of Solid Particles Through a Pipe Line ............. 120
V. Pressure Drop for Pneumatic Transportation ...................coooiiiiiaiii .. 125
A. Horizontal Pipe Line .......... .. ... .. 125
B. Vertical Pipe Line ........... .. 126
VL. Local Additive Pressure Drop..............oooiiiiiii 129
VII.  Acceleration of Solid Particles................... ... ... .................... 129
VIII.  Pressure Drop in the Region of Gas Expansion Along the Pipe Line ........... 130
References. ... .. o 132
Chapter 8
Inertial Separator ... .. ... ... .. 133
I Introduction..... ... 133
11 Louver Dust Collector With Cyclone ....................coii il 133
III.  Performance of Louver-Type Mist Separators..................... e 136
IV, Inertia Separator ..........c.oiiuiiiiir 138
V. Application of Fluidics......... ... o 141
References. ... ... . o 143
Appendix of Main Symbols ... 145
Index .. 149
Volume II
Chapter 1
Cyclone Dust Collectors. .......... ... e 1
I. INtroduCtion ... ... 1
II. Types of CYClOnES .. .....uiieiie it e 1
A. Returned Flow Type of Tangential Inlet Cyclone.......................... 1
B. Axial Flow Cyclone ... 1
C. Returned Flow Type of Axial Flow Cyclone .............................. 4
HI.  Flow Pattern of Gas ...........ooiiiiii i 4
A. Flow Pattern of Gas by Prockat ................... ...t 4
B. Secondary Flow Pattern ............ ... it 4
C. Tangential Velocity Distribution................coiiiiiiiiii ... 4
I Rankine Combined Vortex................oooiiiiiiiii ... 4
2. Burgers” Vortex Model ... 7
3. Ogawa’s Combined Vortex ..............oooiiiiieiiiiiiinn. ... 11
IV, Pressure DIOP.......ooooiit e 13
A. Definition of the Pressure Drop .................. oo, 13
1. Suction Type.....ooviiii i 13
2. Pressure Type. ... ..o 15
B. Empirical Equation of the Pressure Drop................................. 16



1. Linden Experiment. ................. oo i, 17
2. Lapple Experiment.......... ... .. i 17
3. The Shepherd and Lapple Experiment ............................ 18
4. First Experiment ......... ... .. 18
5. Alexander Experiment ......... ... .. i i 18
6. Stairmand Experiment ........... ... . 18
7. Casal and Martinez Experiment............................ ..., 19
8. linoya Experiment .............. ... i 20
9. Harada and Ichige Experiment...................... ..., 21
10. Ogawa Experiment............... ... i 21
C. Feed-Dust Concentration on the Pressure Drop........................... 23
D. Effect of Shapes of the Inner Pipes on Pressure Drops................... 25
V. Theories of Cut-Size .. ... ... ..o 25
A. Rosin, Rammler, and Intelmann Theory..................... ..., 25
B. Davies Theory. ... ...oouiiii i e 28
C. Goldshtik Theory. ... ..o 28
D. Fuchs Theory. ... ..o e 30
1. Theory of Cut-Size ............ ..o 30
2. Collection Efficiency in the Turbulent Rotational Flow ........... 31
E. Ogawa’s Theory..... ..o 33
F. Barth’s Theory .......ooii i e 38
1. Theory of Cut-Size ........... .. .. i 38
2. Performance Comparison of the Cyclones ........................ 40
VI.  Collection Efficiency and Fractional Collection Efficiency....................... 42
A. Collection Efficiency of Small Cyclones ................................. 42
B. Fractional Collection Efficiency .............. ...l 45
VII. A New Idea for Increasing Collection Efficiency by Abrahamson and Lim...... 45
VIHI. Multi-Cyclones ... e 48
ReferenCes. . .. oo 49
Chapter 2
Rotary Flow Dust Collectors. ... 51
L. INtrodUCtion . . ..ot e 51
II. Theoretical Equation of the Cut-Size.......................ooooiiiii 51
A. Fundamental Equation for the Cut-Size........................... 51
B. Relationship Between the Tangential Velocity of the Primary Vortex
Flow and the Construction of the Primary Vortex Chamber.............. 54
C. Representative Axial Velocity of the Primary Vortex Flow............... 55
D. Theoretical Formulas for Cut-Sizes...................coooii 55
III.  Numerical Example of Cut-Size ........... ... ..o i, 56
IV.  Comparison of the Experimental Results of Cut-Sizes Xc50 With Those
OF X € et 57
V. Experimental Apparatus and Experimental Method ......................... ... 58
VI.  Experimental Results. ... .. ... . .. i 60
A. Velocity Distributions and Equi-Flow Rate Lines ........................ 60
B. Total Pressure DIOP ... .o..ivteen i i 62
C. Total Collection Efficiency ..., 63
D. Fractional Collection Efficiency .......... ..o, 65
E. Cut-Size and Separation Index ... 67
VII.  Conclusions of the Ogawa Type Rotary Flow Dust Collector.................... 71
VIII. Lancaster and Ciliberti Experiment ............. ... i it 72



IX.  FlOW SYSteIMIS ..o\ttt 72

A. TyPe Lo 72

B Type Il o 74

C. Type Tl oo 74

X Budinsky Experiment ........ ..o e 74

2SS 13 1 (oL 5 76
Chapter 3

Bag Filters. .. ... ... 77

I INtrOAUCHION . . . v ettt et et 77

II. Early Theory of Fibrous Filters ........ ... 77

II.  Impaction and Collection Mechanisms....................iin e, 82

A. Collection MechaniSms . ..........uiiiiiiii iy 82

1. Inertia DepOSItion . ... ....ooinii i 82

2. 3151 (7] 117 ) 1 O 82

3. DIffUSION. ...ttt 83

4. Electrostatic Attraction..............c.vieiiiiiiiiiniaeeiieraninn., 83

5. Gravity Settling ...... ..o 84

B. Mathematical Description of the Inertia Impaction ....................... 86

C. Experimental Results of the Inertial Impaction .....................ooo. 91

IV.  Resistance of FIlters ...... ... i e 91

A. The Kozeny-Carman Equation. ...t 91

B. Theoretical Calculation of Pressure Drop...................oooii 93

C. Kuwabara Flow Model About Cylinders ..., 96

V. Efficiency of Fabric Filter ........... ... 100

A. Pressure Drop .......oooiiiiiiii e 100

B. Collection Efficiency ... 102

C. Pressure Loss Control .. .. ..o 105

D. Methods of Dust Dislodging. ..........c.ooiiiiiiiiiiiiiii . 108

S (5111 112
Chapter 4

Electrostatic Precipitators .............. ... i 115

I INEEOGQUCEION . .. ottt e ettt e ettt ettt e e e e e e 115

II. Brief Historical Development ..............ooiiiiiiiiiiiiniiiiiieeen, 115

IlI.  Fundamental Conception of Electrostatic Precipitation.......................... 115

IV.  Fundamental Types of Electrostatic Precipitators .................c..ooooaiiit. 116

V. Mobility of the Solid Particle ..o 117

VI.  Physical Mechanism of Corona Discharge ..o, 122

VII. Mechanism of Charge on Solid Particles.....................oie. 127

VIII. Field Charge And Diffusion Charge ...t 128

IX. Discharge Characteristics .........ooovuuiiiiiiiiiiii e 128

A. Corona Onset Field Strength ... 128

B. Corona Starting Voltage............oovviiiiii i 130

C. Characteristics of Corona Discharge..................oooii 131

X. Distribution of the Intensity of the Electric Field ........................o. 132

XI.  Apparent Resistivity ..........oooiiiiiii 133

XII. Reverse lonization Phenomena........ ... 136

XIII. Theoretical Estimation of the Collection Efficiency............................. 137

S (1 1 171 P G 142



Chapter 5

Wet Scrubber ... . 143
L. Introduction . . . ... 143
A Impaction. ... ... 143
B. Diffusion ... 143
C. Humidity .. ... 143
D. Condensation ..o 143
E. Y 143
II. Cyclonic-Spray Scrubber. ....... ..o 143
III. Hydrodynamical Mechanism of Splitting in Dispersion Processes. .............. 146
A. Basic Types of Globule Deformation and Fluid Flow Pattern ........... 146
B. Forces Splitting Up aGlobule........................................... 147
C. Dynamic Model of the Breakup of Drops in Turbulent Flow............ 148
IV.  Small Particle Collection by Supported Liquid Drops........................... 149
V. Physical Mechanisms of Particle Collection..................................... 150
A S PIaYS . 150
B. Cross-FIow .. .. ..o 150
C. Vertical Countercurrent Flow..........................o .., 152
D. Cocurrent Flow . ... 154
V1. Separation of Aerosols and Harmful Gas by Ejector-Scrubber .................. 154
A. Introduction ...... ... oo 154
B. Venturi Ejector ... 155
C. Separation Mechanism of Particles ...................................... 160
D. Numerical Example .................. 161
VII.  Spray Tower With Glass Sphere Bed .....................coooiiiiiiiiiiii, 162
VII. Multi-Stage Compact Scrubber with Controllable Hydraulic Resistance......... 163
IX.  Venturi-Louver Separator .. ..............oieeiniieiiiiieee e, 165
X. Depression of Liquid Surfaces by Gas Jets ........................cooooiiaa., 165
References. ......... oo 167
Appendix of Main Symbols ......... ... 169
IndexX ..o 173



Volume I 1

Chapter 1

CYCLONE DUST COLLECTORS

I. INTRODUCTION

Cyclone dust collectors are one of the most simple dust collectors, do not have movable
parts, and are easy to maintain.

A representative illustration of the flow pattern of air, and of the solid particle separation
process in the tangential inlet cyclone, is shown in Figure 1.

The centrifugal force

3 2
mXp U6

z (= _____)
2 r

acting on a solid particle of diameter Xp rotating with velocity U9 in a circle of a radius r
comes to the centrifugal effect (Z/G) = 300 to 2000 in comparison with the gravity force

3
mXp

G = pp -

of the solid particle. In spite of the simple construction of cyclones, solid particles have
high centrifugal effect value (= Z/G). The mass of the fine solid particle in the centrifugal
field apparently is then equivalent to the heavy particle by the centrifugal effect. Therefore,
the cyclone dust collectors are useful for separating fine solid particles in the turbulent
rotational air flow.

II. TYPES OF CYCLONES

A. Returned Flow Type of Tangential Inlet Cyclone

Figure 2 shows the conical type of a cyclone which was devised by Morse in 1886. This
type of cyclone was mainly applied in the separation of the coarse particles or grains.’

Figure 3 shows a Linden type of cyclone which was designed by ter Linden in 1935.2 In
order to introduce the dust-laden gas from the periphery into the cyclone by the homogeneous
distribution of the dust-laden gas, the inlet pipe is wound over the cyclone body of diameter
D1.

ter Linden recommended that the total length L + H be longer than or equal to 3-D1,
and D1 is equal to 2.5-D2.

Figure 4 shows the double entry cyclone which divides the inlet dust-laden gas flow into
two parts,’ one of which flows along the outer wall surface and another of which flows in
the annular space between the inner pipe and the middle curved plate.

Figure 5 shows a Liot-cyclone which was designed by an institute of the Soviet Union.*

B. Axial Flow Cyclone
There are several problems concerning the separation of solid particles in return flow
types of the tangential inlet cyclones:

1. When the turbulent rotational flow is returned in the space of the cone, as shown in
Figures 1 and 3, the separated dust has the possibility of escaping from the inner pipe
with the upward rotational gas flow.

2. The separated dust particles in the dust bunker have a possibility of escaping from the
bunker by the secondary flow in the boundary layer due to the remaining turbulent
rotational flow in the dust bunker.
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FIGURE 1. Diagram of the flow pattern of the three dimensional spiral flow and of the mechanism
of the separation of dust.

In order to correct the above stated defects, the axial flow type of the cyclone was devised.
Figure 6 shows the uniflow cyclone which was designed by Umney.® The rotational flow
is created by the guide vanes. The solid particles are thrown on the outer wall by the
centrifugal force in the coaxial space.

The clean gas flows out through the center annular space. This type of cyclone is used
in multi-cyclones. The separation efficiency m, (%) goes down in comparison with the tan-
gential type of the cyclones due to the weak rotational gas flow by means of the guide
vanes.

Figure 7 shows a separating unit designed for laminar flow types of cyclones.® Radial
vanes are set at the center of a cylindrical tube and, assuming that the minimum interval
between the inner wall surface of the tube and the outer edges of the radial vanes are d =
12.5 mm or one tenth the diameter of the separating tube of interval diameter of D1 = 125
mm, and also assuming that the gas moves through a separating unit with Vo = 1.5 m/s
at a temperature T = 473 K, then the flow Reynolds number Re may be estimated as

Vo-d
v

Re = 25400
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FIGURE 2. Morse-designed cyclone (1886). FIGURE 3. Linden cyclone (1935).

Therefore, under these flow conditions, the gas flow may be assumed to be stabilized in
a laminar condition as long as the Reynolds number is below approximately 10,000 in
centrifugal type separating units’ (British Patent 713,930). However, according to the hy-
drodynamical consideration for quasi-free vortex flow in this interval, this type of vortex
flow has a tendency to become an unstable flow. Therefore, even if the straight flow may
be assumed to be a laminar flow, the spiral flow which is combined with straight flow and
vortex flow becomes an unstable flow condition.

A particular advantage of this radial vane form is that the spiral flows are set up by the
frictional drag of the main stream rotating in the annular zone around the core in each of
the four quadrants of the cross-shaped vanes. The eddy in each quadrant rotates at its outer
surface in the same direction as the main flow so that there is little, if any, frictional drag
between the main stream and the localized eddy in each quadrant. The effect is to cause the
main gas stream to roll around and on the eddy as if rolling on roller bearings.

The result is stability of the main gas flow with a minimum of friction or energy dissipation
by virtue of contact with the radial vanes. This fact lends stability to the main gas flow and
helps maintain its laminar character. Any dust or solid particles that enter into these rotational
flows are thrown out in a short time because the centrifugal force applied to them while in
the rotational flow is relatively high.
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lag+0o

FIGURE 4. Double entry cyclone.

C. Returned Flow Type of Axial Flow Cyclone

Figure 8 shows return flow types of the axial flow cyclones. The dust-laden gas flow
axially enters into the cyclone and then begins to rotate after flowing through the guide
vanes. The clean gas escapes from the inner pipe. This type of cyclone is applied for multi-
cyclones. In Figure 8, the tangential velocity Vo distributions measured by Jotaki® in the
cyclone are shown, where Vo is the mean inlet velocity.

III. FLOW PATTERN OF GAS

A. Flow Pattern of Gas by Prockat
Figure 9 shows the velocity distributions in the cyclone by Prockat (1930).° From these
experimental results, it was clear that the velocity distribution of gas in the cyclone was

composed of the nearly forced vortex flow in the central region and of the nearly free vortex
flow in the outer region.

B. Secondary Flow Pattern

Figure 10 shows the observation of the secondary flow pattern by Hughes (1957).'° It is
very important to recognize that the flow of the short circuit near the surface of the inner
pipe occurs by the boundary layer effect. This short circuit remarkably drops the collection
efficiency of the dusts.

Figure 11 shows the very interesting double vortex flow in the van Tongeren type of
cyclone. This flow pattern was observed by Jackson (1962)."!

Figure 12 shows the secondary flow pattern in the annular space near the inlet pipe region.
Those stream lines were calculated by Liu, Jia, Zhang, Hao, Wang, and Xu (1978).'2

Figure 13 shows the secondary flow patterns near the inlet pipe region around the space
between the outer pipe DI = 150 mm and the inner pipe D2 = 51 mm in a cylindrical
cyclone. The mean inlet velocity Vo in the inlet pipe is Vo = 20 m/s. From this figure,
it can be seen that the flow pattern of the secondary flow in the cyclone dust collector is
not always the same flow pattern, but changes the flow pattern from the inlet angle 6 =
0.89 rad to the transverse angle 6 = 3.14 rad. This flow pattern is very important in
considering the collection efficiency of fine solid particles.

C. Tangential Velocity Distribution
1. Rankine Combined Vortex

One of the simplest vortex models is Rankine’s combined vortex flow which is composed
of the forced vortex and the free vortex. The forced vortex can be represented by
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Vo = w-r(0§r§a) (1)
and the free vortex can be written
Voer = I'(12a) 2)

where a symbol w(rad/s) is an angular velocity and a symbol ['(m?*s) means a circulation.
This vortex model is shown in Figure 14. The static pressure distributions can be represented
as:
p* r 1 1
p=pt—" —2*'7) 3)

2 a r
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Therefore, the difference of the static pressures (0 — p,) and (P, — P,) is equal to

2

0-Ps = Pa=Po = 57

(5)
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FIGURE 9 (left). Velocity distributions in the cyclone by Prockat (1930). FIGURE 10 (center). Secondary flow
in the cyclone by Hughes (1957). FIGURE 11 (right). Double vortex flow in the cyclone by Jackson (1962).

where 0 means atmospheric pressure.
2. Burgers’ Vortex Model

In the turbulent rotational flow, namely, a Reynolds stress larger than a viscous stress,
Burgers (1948)' derived his vortex model by using the Navier-Stokes equation and the
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continuity equation. Denoting that the tangential and radial velocities at the radius r = b
are VOb and Vrb, respectively, then the dimensionless radius r' = r/b, the dimensionless
velocities VO’ = V0/VEb, and then Vr' = Vr/Vrb are introduced, so the equations of the
tangential and radial velocities in the radius region 0 = r = b can be represented as

Vo = i, 1 —exp(— Reb-r'?/2)
r

1 — exp(— Reb /2) ©)

Vi =t (7
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where the dimensionless symbol Reb means a Reynolds number defined as
Reb = —b:Vib ®
v
T

The symbol v,{m?/s) means an eddy kinematic viscosity.

Distribution curves of Equation 6 of Burgers’ vortex model are shown in Figure 15 for
the various kinds of the Reynolds number Reb. In the figures, the symbols O,A,J,@, A
are the measured tangential velocities in the cyclone of DI = 150 mm, D2 = 50 mm, and
Do = 50 mm. Figure 16 shows the velocity distribution of Burgers’ vortex model for Reb
= 20. The measured velocities are shown for D1 = 150 mm, D2 = 50 mm, and Do =
50 mm. In addition, the velocity distribution near the outer wall surface measured by
Muschelknautz and Krambrock (1970) is shown.

Figure 17 shows the distributions of the eddy kinematic viscosity for the inlet velocity of
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FIGURE 15. Burgers’ vortex flow distributions.

air Vo = 5, 7, 10, 13, and 15 m/s in the vortex chamber of D1 = 141 mm and H, = 380
mm. Those values of v,/v were measured with the hot-wire of X-probe by Ogawa and Fujita
(1981). The maximum value of v, /v is located in the quasi-forced vortex region.

Figure 18 shows Prandtl mixing length I in the vortex chamber of Figure 17. In order to

estimate the mixing length I, the following equation was applied by Ogawa and Fujita defined
as

2
—_ dve A\
Tp = P,V = pelk (? - — 9)

From the results of the mixing length of Figure 18, Ogawa (1981) derived the equation of
the mixing length 1 in the confined vortex chamber as

1 r
— = 6X 10™*-Rcy*— 10
R1 i R1 10

where a symbol Rcy is the cyclone Reynolds number defined as

Qo
Hi-v

Rey = (11)

Qo(m?s) is the flow rate of gas into the vortex chamber and Hi(m) is the effective length
of the imaginary cylinder in the vortex chamber or cyclone.
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3. Ogawa’s Combined Vortex
Ogawa’s combined vortex model i
quasi-free vortex (r = r,) defined as

Vo = Kerexp(— Ar) = Ker(l — A1), Vi = —fr

for the quasi-forced vortex

Ve = I'n,

05

Vi = - —

, 10
r=r/b (1)

FIGURE 16. Tangential velocity distributions by Burgers vortex flow and Muschelknautz and Krambrock.

s composed of the quasi-forced vortex (0 = r =r,) and

(12)

z (13)

3

where the symbols f(1/s) and m(m?%s) are constant values and the relationship between A,

r,, 4, and n are written

(14)

Then a symbol r, (m) means the boundary radius between the quasi-forced and quasi-free
vortices, and n(1) means the velocity index. The value of n is equal to 1 for the potential



