Chapter 7. Separation of Particles from a Gas:

Cyclones and Impactors

For either gas cleaning (removal of dusts) or recovery of particulate

products

7.S Inertial Motion and Impact of Particles
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1) Stop Distance
For Stokesian particles

Momentum(force) balance for a single sphere
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Integrating once
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Integrating twice
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stop distance

x out of Stokes' range

2) Simiulitude Law for Impaction : StoKesian Particles
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For Re < 1

Force balance around a particle (equation of particle motion)
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Defining dimensionless variables
_U;
L

where ([, [ characteristic velocity and length of the system
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In terms of displacement,
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trajectory

For the two particle systems

If Re, St and B.C, are the same, particle trajectories are the
same,
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Particle time to travel
] Reg S at Up=10m/s
diameter, um 95% of S
0.01 0. 0066 7.0x107° 2.0x10°¢
0.1 0.066 9.0x10™ 2.7x107
1.0 0.66 0.035 1.1x107
10 6.6 2. 3% 8.5x107"
100 66 127% 0. 065%
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7.0 Introduction
1) Separation Mechanisms
Sedimentation :
Settling chamber, centrifuge
Migration of charged particle in an electric field :
Electrostatic precipitator
Inertial deposition :

Cyclone, scrubber, filters, inertial impactor

Brownian diffusion :
Diffusion batteries

2 Filters

2) Collection efficiency
Fractional (grade) efficiency Figure 7.1

N feed( db) —N broduct( db)
Nfeed( dl))

based on number of particles

GN(dp)E

M f'eed( db) -M broduct( db)
M feed( d p)

based on mass of particles

Guldy)=

Total efficiency
Er= [ Gd)ard,)
Fraction of feed particles 4, ~ d,+dd,
3) Inertial Separators
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Dimensional analysis for G(d,)



G(d,)=Ad,, 0,04 L,v) — G(d,)=AStRe,d,/L)
where [ : characteristic length of the separator
U : characteristic velocity of the particle

in the separator

_ 0, diU _ o, UL
S=Tjguy A0 Re="7

Eu= f(Re)

Define cut size, d,;= d, at G(d,)=0.5

Economy of the collectors

Based on $/(1000 m° cleaned gas /h)

annualized capital cost + operating costx :

* Power requirement = Q Ap, [W]

where Ap=AL,v,0,1) -

By dimensional analysis
where Ey=—"L—
pr /2

Gas outlet

7.1 Gas Cyclones — Description )

Figure 7.2 reverse flow cyclone . i i
Gas inlet | |

7.2 Flow Characteristics
Rotational flow in the forced vortex

Radial pressure gradient



Characteristic velocity

v= ‘
D2

where ,: Gas flow rate

D:cyclone inside diameter

7.3 Efficiency of Separation

1) Total and Grade Efficiencies

M: solids mass rate to cyclone

M¢:fine solids mass flow rate leaving cyclone with gas

M.: Coarse solids mass flow rate leaving from oriface

Total: M=M+M,

. e dF . dEy dF.
Component A4ah;‘_ﬂ4fab;'+ﬂlcah;

Total efficiency: E,= ﬁ%
A4chC dF.
Grade efficiency: G(d,) = ;g’ =E, ﬁﬁ
M
dd, dd,

2) Simple Analysis for Particle Collection
Figure 7.3

At equilibrium orbit, r
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where Uerl/ 2= constant

for confined vortex
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U,r= constant
for radially inward flow
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where , @ the radius of the equilibrium orbit
(displacement) for a particle of diameter 4,

For all the particles to be collected, ,>PR
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where g ! Critical(minimum) diameter

b, crit

of the particles to be collected

l

or

If d,5d, ... G(d,)=1 and otherwise, G(d,)=0
Grade efficiency curve ( G(d,) vs. d,)& T/ step function®l7}?

3) Cyclone Grade Efficiency in Practice
More Practical Analysis

Leith and Licht (1980)

Velocity distribution

Usv™ = constant

0.3
where m=1-—(1—0. 6702“)(%)

Grade efficiency
GMd,) =1—exp(—Yd)

1

where M= 1
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K ‘geometric configuration parameter

. Grade efficiency curve for cyclone - Figure 7.4, Figure 7.6
Why not a step function? = distorted due to velocity fluctuation

particle-particle interaction

“d, s and Sz, in stead of dy crit and St
1 1
GnM0.5) Ga(1.0)

7.4 Scale-Up of Cyclones

Design of Cyclone

From both theoretical and actual analysis for given cyclone,
p,d s U Y B
Sts (E%) ~ constant > d, 5,V UD*/p ,Q

:*AL ~ — A 2 4
Eu (— 0 U2 ) constant pocQ°/D
T T

independent U= Q) % D’
of Re

Standard Cyclone Designs - dimension
Figure 7.5
For suspension concentration less than ~ 5g/m3
— High efficiency Stairmand cyclone:
Stsy=1.4x10"* and Eu=320
- High flow rate Stairmand cyclone
Stsy=6x10"" and Eu=46

Approximately



12
Eu=\ "4
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Practical grade efficiency = d

d 2
1+ %L)
(dp,so

for typical dimension

Figure 7.6

7.5 Range of Operation

Efficiency and pressure drop Figure 7.7

From theory, Erl as qf

But! there is maximum Er due to re—entrainment of separated solids at

high q...

Recommended range of Ap: 500 to 1500Pa. . .
In this range Er T as qt....

N cyclones in parallel
ME[2F0] o™ BF JHe| cycloneL 2= FHSICE.. A 3 HE YE
HAEst X 2|8tCt.

Q — QIN
WorKed Example 7.1
WorKed Example 7.2

7.6 Aerosol Impactor

' N Streamling
trajectorysy v




In general, for inertial motion of particles from Chapter 3,
G(d) =1 SKd).Re, ]|

J

where Si d,) = Lag,)iU

For given geometry ( S/D,)

1.0
0.5=f(Sl‘50,Re) - St50=f1(Re)

[
‘/gsfdp,so \/S_"dp

From numerical and/or experimental analysis

SHd,: almost independent of Re

Or for 500 < Re¢ < 3000 and S/p > 1.5

For circular nozzle, Sts, = 0.22

For rectangular nozzle, St,, = 0.53
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% Cascade impactor

Particle-
laden air

Stage 1
Stage 2
 — | Stage 3
d d d
p.50,3 p.50,2 p.50,1
} SSd,

To filter

— Measurement of particle size distribution

- (Classification of particles



