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CYCLONE
AND

PARTICLE RECOVERY SYSTEMS

The University of Western Ontario

Place particle recovery systems above the TDH, if at all possible, to minimize the
load and the dangersof flooding. Numerous kinds of systems; most common:
Filter bags, cyclones and electrostatic precipitators.

* ELECTROSTATIC PRECIPITATORS

Collect very fine particles ( ~ lu and under) at low loadings. Expensive
because of the need for an electrical substation to generate high voltages. Not
used unless special requirements e.g. tough pollution laws, .... .

Tertiary "underflow" cyclones might collect particles as low as 3u and might
suffice for most jobs.

Ref: * White, H.J. “Industrial Electrostatic Precipitation” Addison-Wesley (1963)
T Best on the subject.

Rose, H.E., Wood, A.J. "An Introduction to Electrostatic Precipitation in
Theory and Practice* 2nd. Ed., Constable Ltd., London (1966) Not as good

-+ White's book.

n:, i.A. "The Mechanics of Aeruscé. ' wama Mk TEAEY gk

complete on aerosols.
Green, H.L., Lane, W.R. "Particulate Clouds: Dusts, Smokes and Mists"
2nd.Ed. E and F.N, Spoon Ltd. London. Physics and Chem. of Aerosols.
Industrial and environmental aspects.
* Strauss, W. “Industrial Gas Cleaning" Pergamon Press (1966) Recent survey.
+ Graduate course given by Profs. Inculet, Castle.

*

CORONA DISCHARGE

Above a critical voltage V_,
current flows ¢

‘% VC = F (radius of curvature of needle)
19— rather than of distance
{ C
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i = BV (V-M) until it arcs over
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[image: image2.jpg]+ Corona : Purplish glow around a wire (soft glow)

Brush discharges, more intense, move along wire,

T T 1777 ©

- Corona :

Most Commonly Used Geometry (Wire + or - )

or e © o o o o o

PLATE

+Corona Neon Tube

Corona Sheath
(Almost Neutral Plasma;
+=2-)

Sea of + fons repelled by center
elactrad . tatier ' e
collects eiectrons (UV, pnocueiecis v
phenomena feed the discharge).

- Corona : Wire (-) is electron emitter. Can go to higher voltages than + Corona
but 7 times more ozone than + Corona.
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1) One Stage Unit

/ Negative wire (emits electrons)

Particle charged - by electrons drifts towards
~—y grounded electrode
O4

0 |00
5 et \hl Charging and collection
0° p ° take place together
%) °
0
Fine particulate
(:_) stream

o’

2) Two-Stage Unit

Charging and collection in separate zones.
Particle removal from grounded electrode is a big problem (rapping, washing, etc.)

Theory @ - -
F = qt FD' Drag Forces
Vs‘ip = relative velocity of particle WRT gas

M = Mass of particle

-

md\V +>
i
e R
Uses MM
Typically used in power stations e.g. 2 mm 1bs/steam/hr, 1.(;\SCF Flue 0as/min.

300 1bs/min. dust 99.5% recovery of dust.
Precipitator tubes (8-10"¢, 90' high)
200 Kw @ 40-60 Kv.
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Many types. Mainly at rather low temp.

Remove very small particles e.g. C Black, 2000 A° dp
Carbon Black Pilot Plant: 300 ACFM, 210 Grains/CF, 250°F, 125 psig, 140 ftz of
Cloth area, 2.14 ACFM/sq. ft. of cloth surface. 14 bags, 16 oz. felted dacron.
Blowback = 8 SCFM of 200 psig N2.

Flex-Kleen Corp. 407 South Dearborn St., Chicago, 60605 (I11inois)

BLOWBACK GAS CLEAN GAS

/
N X

BAGS A Bacs

DIRTY GAS /

Carbon Black Teflon coated
AN

Ly

Collect fo Hoin

Star Feeder

Riley Filter @ Hi. temp. (Glass cloth). See Petroleum Refiner, 42, June, 1963,
167-172, Brit. Pat. 713, 560; CEP, April 1966 "Hi Temp. Cloth ColTectors"

CYCLONE COLLECTORS

Cyclone is the workhorse of the petroleum industry (might have been developed

there initially?)

Books: Jackson, R. "Mechanical Equipment for Removing Grit and Dust from Gases*™
-continued-




[image: image5.jpg](1963) Cheney & Sons Ltd., Banbury, England. Excellent and up-to-date review.

(Alternate Publisher: 8r1tlsh Coal Utilization Research Association, Leatherhead,
England)

A.C. Stern et al. "Cyclone Dust Collectors" Eng1neer|ng Report for the API (1955)
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Details of Flow (Vertical X-Section) C_—g

INLET GAS UPPER EDDY
—
Ly NATURAL VORTEX LENGTH
LOWER EDDY  \\ v l_

FLOW ALONG BOUNDARY LAYER
KICKS PARTICLES DOWN INTO
THE DIPLEG

STAGNANT SWIRL, TENDS TO
APPLY PARTICLES AGAINST CONE
AND DIPLEG WALLS

L, natural vortex lengti, is rery fiporicit nen oo
are sticky.

* 1f cyclone is too long, "much past L", there is no downflow in
the boundary layer in the cone and the particles are applied against
the wall by the stagnant swirl. They deposit there, agglomerate and
plug the cone.

* For sticky particles, use short cone cyclones or underflow cyclones.

see definition of "L" in "Fundamentals of Cyclone Design and Operation" Proc. Aust.
Inst. Min. & Met. N.S. No. 152-153 (1949) p. 202 to 228 - Alexander R. McK.
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Rough Theory (for most part due to Zenz) &?

Assume the gas vein spiralling down the cyclone wall does not expand (it actually
does contract). .
Distance travelled down the cone:

= 1 i
2an Ns r. = cyclone radius

Ns = number of turns in the spiral
Average residence time of the gas within the cyclone:

2nr_N
t * oS

RES Vinlet

A drifcs towards
PHECLE the wall.
Consider, "A" along
inner wall o? inlet pi

(most conservative case

Centrifugal Drift Velocity of Particle A:

Terminal velocity in gravity field, vT =gd¥p -of)
P pT

'IB'u'r

Assuming particle is small (Stokes' Law) [anyway, no problems with large particles
5 areilyv e llected]. ’

To reach the wall, particle A has to cross the distance LH it .
Kes®
—L!— =t Solving we find:
VortFr  RES

9J.|f Lw
T NS Vic (Qp'Qf)

dp,min =

dp min., diameter of the smallest particle which will be collected.

dp = ft. ue = 1bs/ft/sec. NS = number of spiral turns
L - f. Vi = Cyclone inlet velocity, ft/sec. Pp ‘(g:‘/_? density)

- Yhe/FF  (Gas Density)
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Because of many uncertainties (all engineering decisions are under uncertainty to a
more or less great extent), one tends to err on the conservative side, Thus, here,
to be conservative, one takes

d

dp min = dp s0% ° b 50

1485 dp 50 ° particle size collected @ 50% in the cyclone.

9 pr Lw

dp‘ 50

T NS Vic (Qp-QI)

= — D¢ /2 v‘_C 3 There are all sorts

130 1 of cyc\ong shapes.

__L 100 5 Here, we will define
S 75 4 a "reference" cyclone:

CYCLONE INLET PORT

Dc'/Z
K

De /4

L= Dc/b

WIDTH OF INLET PORT

DIPLEG
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1o

In general, efficiency greater than theoretical for small particles hecause of the

"sweep" phenomenon:

For large part., eff. is lower than
theoretical because of rebound.

Drifting large particle
will sweep smaller particles
to the wall

Cyclone AP Critical in many applications as little pressure head is available.

Level "s
Superficial
Conditions

outside the cyclone

Cyclone Barrel "b"

AP, inches of water
L, solids loading in the inlet gas, #/CF

Subscripts g = gas; p = particle
m = mouth of cyclone; e = exit pipe

i

t
r

inlet to cyclone; b = barrel or
cylindrical portion of cyclone;

terminal velocity subscript |

reversal of gas flow at bottom of
inlet spiral
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1) Bed Entrance Effect

- 2 _ g2 2
8Pg), = 0.00298 pg[ng Vs K Vi ],

Ratio of Mouth Area

to Bed Area k
0 0.50
0.1 0.47
0.2 0.43
0.3 0.395
0.4 0.35

2)  Gradual Contraction Loss

—
\_‘P\| S
FROM BED {  INLET HORN _Z_A._—>

i, Cyclone inlet

= LT . g2
8P = 0.00298 og[ v91 Vgn'rk vgi]

ANGLE 8(°) k”
. 0.0
5 0.009
10 0.007
15 0.01
20 0.014
30 0.022
40 0.029

3)  SOLIDS ACCELERATION LOSS
LV (Vg - vg)
167
4) BARREL L0SS ~ straight pipe loss for N spirals thru the annulus between. the

Barrel and the exit pipe at a velocity corresponding to the cyclone inlet
velocity and an ~ pipe diameter de1 corresponding to the cyclone inlet port are

AP(;-{) =

-4 _are

d wetted perimeter"

ei
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dei Vai Pf a
R, = . Fanning factor f < 0.004 - 0.008
p £
AP = 2?@ ! o, Vi (8Ll
94, f gi' 144

Length of spiral

S) REVERSAL LOSS
0q Vi
@ bottom of spiral &P = 3
One velocity head computed at the inlet.

6) EXIT CONSTRICTION LOSS

t_\same k as for aPg,
0.00298 Df[ Vé -V o+ V; ]

AP = b
VE = superficial velocity in outlet pipe
Vy = " " based on total barrel
X-section
"UNIVERSAL" COLLECTION EFFICIENCY CURVE
TONE OF MANY)
Collection Eff. % d , Part. Diameter
Qllection it & —Spralt. — ameler
10 0 d;SO
90 5 "
80 2.5 "
70 1.8*
60 1.4
50 1.0 "
40 0.8 *
30 0.57 "
20 0.45 *
10 0.30
0

* DETAILED COMPUTATIONS

Unless otherwise known, assume that fluid bed is well mixed WRT to partic.les
and that all particle sizes under d max (see later) can reach the cyclone.
Cyclone assumed to be placed P above TDH.
Data Needed * Particle Characteristics:

Part. size distribution on Log-Probab. Paper, °p in #/CF

* Fluid Characteristics @ top of bed. y

g (eP)up (#/cF),
Superficial veTocity in ft/sec. 9
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CALCULATE d i able to be entrained at the superficial velocity in the bed:
Fig. 7.7 or 6.4 in Zenz

Obtain d .. from V_E“/ Superficial velocity at top of bed
) ©

1f dpmax is > than all dp‘s in bed, then all particle sizes are entrained
into cyclones.
COMPUTE CHOKING LOAD at mean dp of the material entrained into the cyclones:

We assume the dilute phase above the TDH to be choked at VCH = superficial
vel. at top of bed.

choking load i ifts
\':.H Hw‘// 9 n #/sec/sq.ft
i —_— gk {Use Zenz {0 i
9 an %p Yo g better correlaiion ..

avaflable)

of material
entrained into cyclones

—_ = kp9 = entrainment to cyclones, #/CF. of Gas

Compute gas leaving bed, ACFS. Select first stage inlet velocity then
cyclone inlet area.

DIPLEG DIAMETER to be very conservative, assume gravity flow:
A in #/sec/sq.ft. of dipleg (dipleg loading) = 1.2 gy pl/2

og = settled solids' density in #/CF.

D, Dipleg diameter, inches. If solids were fluidized in the dipleg or
somewhat aerated in the dipleg, the solids down the dipleg would be
actually much higher. Gravity flow is thus a very conservative assumption.
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1y

COMPUTE dpSO 2

1 2 3 4 5
Fractions | Entrained |d . Fractional | Collected Entering 2nd Stage
mean dy, u| Weight EE fraction | co17ection 2 q TL*?'
entrained | Fraction p50 Efficiency x Ist Stage Analysis
above TDH Loss of
(2) Minus(5) | 1st Stage
Loss,
wt.
Fraction

Use "Universal" Efficiency Curve

Ist. stage overall collection efficiency at zero loading. Because large particles
"sweep" small particles to the cyclone wall, the efficiency increases with the
solids loading W of the gas entering the cyclone. (See Stern, "Cyclone Dust
Collectors" APl Report, Feb.1,1955 p. 40,41). Use Fig. 29 or formula (27) of Stern.

The dust loading also has an effect on APcycione. See Stern, p. 38,39. Within limits,
the higher the dust loading, the smaller & vortex weakeningg

[3
Cyclone efficiency increases with dust loadin?. Data on this effect from a numer
Si e o aresentad in Fig, 29, Not included are the data of two fnvestigators

who reporced v measurable increase of efticiency with dust Tuwu: ane wore ho o0
range of 0.5 to 3.5 grains per cu. ft. and the other over the range | tuv Iuy grains
per cu. ft. Briggs showed that below 1 grain per cu ft. the increase in efficiency
was much more rapid than shown in Fig. 29.

This plot seems to indicate that all curves would approach 100-per-cent collection
efficiency if extended to sufficiently high loadings. However, the increase in efficier
is at a much slower rate than the increase in loading, so that all data reported show
a higher dust loading in the exit gas for an increased loading in the in-put 9as.
Since, at high loadings, all cyclones have relatively high efficiency, it would appear
that details of design become less important as loading increases. Because erosion
and plugging become more important at high loadings, cyclones for such service tend

to be designed primarily to meet these problems, and efficiency considerations become
secondary. This explains why some cyclones of relatively poor design for low-load
efficiency have received industry-wide acceptance for ultra-high loading operation.

The reason for improvement of efficiency at increased loading is the sweeping of fine
particles to the wall by air dra? and impaction of large particles, and a cushioning
effect at the wall resulting in less particle fracture. A secondary reason is the
higher inlet velocity possible at the same pressure drop because of the decrease of
pressure drop with fncreased loading. 3
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It will be noted in Figure 29 that curves K through O are all for
efficiencies below the range of general interest, have slopes radically greater then
the other lines, and are all from a single source. For these reasons the average
of the slopes of lines A through J may be taken as an indication of variation in
efficiency with loading above 1 grain per cu. ft. if no specific data are available
for the cyclone-dust combination in question, thus:

0.075
100 - n C.;
2 e (21)
100 - 'S ai
5]
: T T T 1
c 2 T —1 | ||
%0 o T - — ':7' | ———
. _,LJ«—-T‘/T |
H [ 1 1
o = T | 9 1 4 ]
3
5
Svo __—
- — | A : =
s... i o L ‘ /r/‘
é i H _y'" LA = ] !
o " o
':‘!50 1 4/
8 —]
1
1 —
40 M-
// —1
Lo T
29 2 3 4 5 67890 20 30 40 50 60 80 KO

DUST LOADING — GRAINS PER CU. FT.
Dast Loading Va. Cyclonc Efficieney.

FIC. 29

Note: Use curve parallel to A for high efficiency cases or equation (27)
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CYCLONE HEIGHT ABOVE BED C,j_[
Because of the AP in the cyclone, the pressure in the cone is lower than in the

vessel; hence, the solids will go up inside the dipleg to a height H_ above the
lower end of the dipleg. 0
* OUTLET PORT
INLET PORT (“ \
] —
T =
H
Bt HEIGHT OF SOLIDS IN
THE DIPLEG (DENSITY, )
\
 fo [
B ——1"
. e > ;
Qe o /. | Al Fwmmze se
(ol =) Hs-;" (DENSITY @)
= o \
"
L ‘A 1A |
VX ——'/ P |
AP [ SOLIDS FROM CYCLONE
crio —p - 22 :

Gas can go along'ABC through
the dipleg or along AEC
through the bed. Equate AP's

Pfp 7 egts * 8P¢
Lot P
0 op

H
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H (Distance from Cyclone mouth to bed) must be the largest of:

* TOH
% Hy = Hy 440

for the cyclone not to flood. In practice, to be conservative, one takes
HY Hp- Hg* 7 feet + 4,
to take care of all the uncertainties.

Example 3rd stage cyclone in cat. unit.

H = 15 ft oy = 154/CF by = 40 I/CF 8P = 0.5 psi
_ 40(15) + 0.5(144) .

Hp * TS5 ¥ o4

HD - Hs + 7 = 37"

The TOH in a cat/cracker is about 20-25'. If this cyclone was inside
the reactor shell, a lot of space would be wasted above the bed; put
cyclone (tertiary) outside.

1f secondaries and tertiaries have to be inside the reactor shell, they will
be fitted with trickle valves. Their diplegs will not be submerged.

DIPLEG CLOSURES

rickle Valve

Trickle valves are generally
out of the bed hecw

of erosion v the

Swivel
Plate
Top of Fluid Bed
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1f fines are tacky (non-free flowing), diplegs have to be aerated. In general,

tacky solids give trouble at the cone:

SWIVEL

TACKY DEPOSITS

||

Hydrocyclones

Cyclones can be vibrated,

chains have been used to destroy

deposits. Good design can

minimize deposits:

* shape and proportions of
cyclones.

* underflow principle

See Alexander's Article.

Separate solids from liquids, 'H}uid from 1iquid (# densities), gases from liquids.

See Bradley, D. "The Hydrocyclon

Pergamon (Interm. Series of Monographs in Chem. E
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