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HIGH PERFORMANCE CYCLONE DEVELOPMENT
W.B. Giles
Corporate Research and Development
General Electric Company
Schenectady, New York

Abstract

The results of cold flow experiments at atmospheric conditions
of an air-shielded 18 inch diameter electrocyclone with a central
cusped electrode are reported using fine test dusts of both fly-
ash and nickel powder. These results are found to confirm ex-
pectations of enhanced performance, similar to earlier work on a
12 inch diameter model. L

An analysis of the combined inertial-electrostatic force
field is also presented which identifies general design goals
and scaling laws, From this, it is found that electrostatic en-
hancement will be particularly beneficial for fine dusts in
large cyclones.

Recommendations for further improvement in cyclone collection
efficiency are proposed.

Introduction .

Earlier experiments found (1) a marked influence of natural
electrostatic forces in enhancing cyclone collection efficiencies,
particularly at low velocities. This naturally-occurring phen-=
omena, if present, is evident as a relatively constant collection
efficiency with throughput. Evidence of this anomolous behavior
is present in the literature (2,3,4,5,6) without explanation.
Also Siemens' experience found weak influence due to both velo-
city and cyclone size (7). Experiments using a Faraday cage to
sense air-borne particle charge levels show that triboelectric
charges are induced by particle-wall collisioms. Certain dusts
are -found to have a much higher propensity for this charge gen-
eration than others. For example, Exxon flyash have been observ-
ed to generate levels of 100 folad greater than CURL flyash. With-
‘in the cyclone, these charged particles are mutually repulsive

. . and the resultant space charge augments inertial separation. In

27" the present work, applied electrostatics 'are used to enhance

" performance. Similar effort is found in the literature (8,9,10).

_One study (2),%in factj .concludes that the benefit does not jus-
-.tify the complication. :-However, for hot.gas cleaning in ‘coal-
fired power generation .systems large cyclones offer an economic--
~ally attractive option. Small, multicyclones pose a substantial
risk of fouling, whereas large conventional cyclones have poor
performance for fine particle collection. Thus, the objective
is to attempt to obtain, in large cyclones, the equivalent per-
formance of small, inertial cyclones through the application of

DISCLAIMER
1 ament.
1 the United States Gover
by an agenty O oo
g sDOﬂSO’ed f their employees, mal es
i % was prepared 2s 3n accou o s © ; ’
s G s agen‘cv| fiability of responsiditity fur e eccurac:r
o product, ©f process dicclosed, o
ohts. Refergnce herein 10 8N epeciic
me, rademark. manufacturer, of olh:.»rwnsoal.J d‘?:
o, commendation. of favoring by \h? ni!
g hors expressed herein do not
thereof.

represents that its use
commercial product, pre d
aot necessarily constitute of 1
Sutes Goverament or any agenc
necessarily state or reflect those O

ocess, O SoTvice by trad

i e
mply its cndorsem e
.y thereof. The views and gpinions. of aull o
{ the United States Govesnment of any 3g¢

s e e o
& BN



electrostatics. In addition, the cyclonic action provides a
mechanism of dust removal from the collecting electrode surface
that precludes the problem of dust conductivity at high tempera-
ture which inhibits collection with conventional electrostatic
precipitators.

Preliminary Experiment

The general characteristics of using applied electrostatics
are shown in Figure 1. Here, a central cusped electrode was
supported within the exhaust duct to protrude down into the cyc-
lone body. When charged, this electrode provides an electric
field from the electrode to the: grounded cyclone body with a cor-
‘ona source at the four cusped edges of the -electrode. The data .
indicates that the application of a charge results in a signifi-

cant improvement in collectlon at the lower test velocities.
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The maximum g-field occurs* at the edge of the core flow reg-
ion which is assumed here as equal to the exit duct radius or
r=D_ /2, - The maximum E-field, however, is greater at smaller
radius,e.g. particles convected to smaller radius can become el-
ectrostatically dominated. For present purpose,' the E-field will
be evaluated also at r=De/2.

Since the radial inflow velocity is approximately uniform,

A v
FL o e AR - (5)2 2
ﬂDeL Ur = (Dz) D Vi = Q, where Ai 2 D D

The spin-up, via conservation of angular momentum, is

_ (+2xHDW, = DV, S ixt = x/D
Then equation 1 becomes .
v k
e I R B e e (2)
: 2
1D, (v;/D )
- where, "
k, = "Pplp” (1t2x' R 1 -
1 18u x" D
e
. =
S e (Es)( 1 )2(6 Vo )2
1
-2 ppdpDe3 D / \1+2x 1n D/Del
Equation 2 indicates a minimum exists when V;/D, = sz, and

this minimum separative parameter is

. :
S i T~ /ppdp €o L 1+2x (3)
min 155511 D 3 =D 1n D/Del

e

The design of the electrocyclone should be such as to make
Smin as large as p0881b1e. This indicates that the desired
features are: & S

1. Long cyclone 1ength L/D, consistent with vortex stability

2. Small inlet area, x', consistent with good inlet flow swirl

turning, e.g. flow acceleration into the annular passage

3. Small exit diameter, Dg

4, High applied voltage, Vo, consistent with arc-over con-

s traintsmnd Tl ERE e ‘ s

5. Large electrode diameter, Del, consistent with the internal

In addition,,cyclone operation should be at maximum allowable R
velocity (subject to constraints of erosion, pressure loss and '
particle bouncing). This allows minimized cyclone size, Do, to
_maximize performance.

*Some independent evidence suggests that in the presence of a
strong corona source the E-field may be relatively constant.




The influence of electrostatic augmentation, relative to pure
inertial separation, S,, is indicated by the ratio,

€D ( ><_\ )( v /D )
S/SVo BT e e +2%x '/ \1n D/Del (4)

P

thus, there is a greater enhancement with large electrostatic
cyclones, than with small cyclones.

Test Model Design

The general design configuration was derived from Stairmand's
High Efficiency .design with major modifications. An outline of
the design is shown in Figure 2. Similarity is found in the
cylindrical, conical and exhaust length-to-diameter ratios, plus
use of a small inlet area (A4=0. iD2?). In addition, the air shield
feature (12) is employed using a double scroll inlet with the
clean air inlet sized for 80%Z of the total flow, and a conical
section added to the exhaust inlet to increase gas spin-up.
v s The electrostatic features included
| B i the electrical isolation of the lower
» el . end of the exhaust duct with high vol-
. tage supplied to a central electrode.
The original configuration, shown in
¢ Figure 3, consisted of bundled wire and
is similar to the electrode Petroll and
Langhammer (2). It was found to result
in excessive vibration, singing, and
poor cyclone performance. The next de-
sign used a central cusped electrode
supported by crossed non-conductive rod.
Figure 4 shows the original installa-
tion in the 12-inch diameter air shield
cyclone as used in the experiment in
Figure 1. This electrode was then in-
corporated in the 18-inch diameter el-
_ectrocyclone testing program.

.~ The completed cold flow electrocyclone
~ dnstallation is shown in Figure ‘5. ;

#:i-~Ceneral Exgerimental Technique

T R et v
FIGURE 2: 18" D ELECTROCYCLONE MODEL o

The experimental procedure consisted

‘ively) to the two cyclone inlets. Both flows were providéﬁ”by

. a blower using filtered air at the input to the blower. A small
fluid bed dust generator, operating on shop air, provided a known
particulate contaminant to the dirty air cyclone inlet line.

Particle measurement was provided by two optic techniques.
One measured the overall dust concentration at both the inlet

an and- dirty flows=(80% and 207 respect- = i
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dence errors.

* 'OVERALL EFFICIENCY (8)

and outlet using two PILLS V Mass Concentration Monitors. The
other measured size distribution at both inlet and outlet using
two Royco Airborne Particle Counter Systems. The latter used
isokinetic probe sampling, followed by dilution to avoid coinci-

1 -

Results and Discussion

Pressure Loss

The flow impedance of the cyclone was determined by measuring
pressure loss, Ap, versus input volume flow. The correlation
based on 1nlet kinetic heads to. . glive

Ap/—pV 2 - 8.2 for D ]D

This may be compared to the reported (11) High Efficiency
Stairmand design giving a value
Ap/—DV2=60forD/D=-:2L

Scoping Experiments

Preliminary experiments were first tried with an external
corona particle charger, and separately, with an intermnal voltage
field. Neither were found to yield significant enhancement. How-
ever, tests with an intermnal corona source to produce both par-
ticle charging and an applied voltage field did show promise as
found in Figure 1. The results of a series of scoping tests
using the 18 in. diameter electrocyclone are summarized in Figure
6. These results indicated that an upstream corona source was
not significant and a positive corona was slightly beneficial at
atmospheric conditions; relative to a negative corona source.
The data shown is plotted in terms of the overall efficiency vs.

L A e et ) (LT P T 7T 7 B ) i e A5 L e o volumetric flow times the square
i P 1 of input mass mean particle size

s i s 4  as an indicator of the inertial

s R 4 similarity parameter. CURL fly-
ash is used as the test dust amnd
the exhaust :duct is insulated
from ground.

80
70
60

e = Inertlal Terformance with
Wo Charge. - . 7] Flyash and Nickel

. 8 men-umuwzi o —+ &
"3 ~o|:-um!iom./l:::::}.¢u°?. ) I-‘igure 7 shows thedex—
s 4 ¥o Upstream Corona/efSkv Electrode | ;perimentally determined frac- .
) o G e pl =S |l rionaluefPiefency of the elec—
z g thg e e L e Ld 1 .trocyclone operated in an un-
10° 104 10 charged state with flyash; and,
5 INERTIAL STAILANITY  0dpd, - cfauF with nickel shown in Figure 8.

FIGURE 6: SCOPING EXPERIMENTS WITH 18" D ELECTROCYCLONE MODEL



Correlation with the inertial separative parameter is found to
be excellant for the case of flyash. Good repeatability is noted
J with replicated runs. Also overall efficiency versus mass aver-
i age separative parameter (solid symbols) is in good agreement
with fractional efficiency data.

J :::*_ TR I IR el PO B BT I % B L NP S e i The data using nickel,
St ] 4din Figure 8, (with
! »- o A g 4 particle density taken
‘ W Lo %0 1 ‘as 8, versus 2 for fly-
| M 9 © 4 ash) shows the same
T 80 b= -
‘ : L S il appr?ximate agreement,
| Swr o yimiee  Cycione 4 particularly for data in
‘ Ty 2 : te/mec  tt/mec A
z= B “\\ﬁﬁfif“*’*F i v _v}the range of 21 to.d5
£ Bes i RefP: S O e i 7] iIt/sec inlet velocity.
y gu- i 7508 - The mass average effic-
S 8 1.4 a8 4 dency curve, however, is
20 - 4 1.4 195 ] L
G ST s ‘at significant variance
1 - wE o S L gt s - St mes - ffTOM the fractiondal eff-
' T - o4 'iciency curves. The be-
= ! Lot lllll.’ 1 g |un, et ISP B2 R e U xs'ha_vj_or of the former is
| 5 “ 8 A ¥ suggestive of "coarse
| SEPARATIVE PARAMETER $$ . er— 1 . : "
| i % 385D iparticle bouncing." The
FIGURE 7: UNCHARGED ELECTROCYCLONE (18D) i{data suggests that this
s e effect is primarily de-
| pendent on particle
‘ . i - : . kinetics, p Viz,rather
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908 s 0 | al efficiency data. This

is taken to infer that

performance degradation

"might become important

' for flyash at velocities

greater than 100 ft/sec;

however, material diff-
erences may be expected

Hae 1 to play an important
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| to fit the approximate

j empirical expression;
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Electrostatic Performance
Figure 9 shows the relative influence on overall cyclone effi-
ciency with a charged central cusped electrode. The exhaust duct



was electrically insulated from ground and hence, could float at
some intermediate voltage level. Typical current flux was meas-
ured at 0.35 ma. It is noted that performance is substantially
independent of cyclone inlet velocity and significantly superior
.to inertial operation. Figure 10 shows the same data after minor
correction for particle size errors, associated with the PILLS
sensor versus the mass average separative parameter. Also shown
are typical measurements of inlet and outlet flyash size distri-
butions. The very close similarity of these distributions can
9 — . - ' lead to experimental errors in

sl 23 34 33 22 30200 e s farsacie] deducing fractional efficiency.
4 Figure 11 shows the deduced
fractional efficiency with a
charged central electrode.
' Generally, it is found that

" efficiency is substantially in-
dependent of inlet velocity.

90
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40

z.‘:: :f.:s z?z z!z 2’.1 :lv et Maan Particis Using mickel as a test dust,
20+ . Piameter 1 ! as shown in Figure 12, there
] i is a more distinct difference
Test Dusts CURL 3°¢ stage Capture . between inlet and outlet dust
: ' distributions, and thus mark-
I 1mer veErocITY - fr/sec el 4 edly less ambiguity in measur-
2 s ANk, ”,,j o el Mo s A S ing fractional efficiency.
AT A X4%0 - Again, there appears to be a
CYCLONE FLOW (cfm)
: ~ pronounced performance degra-

' FIGURE 9: OVERALL EFFICIENCY AT 18~ D ELECTROCYCLONE WITH cxti. dation due to particle kinetic
o ; energy. This is clearly evident

in Figure 13 which shows the overall efficiency as measured by

the PILLS instrumentation versus cyclone velocity.

OVERALL EFFICIENCY (%)

10 =~

Theoretical Correlation

The performance data with a charge and using flyash may be
achieved by replacing the inertial term in equation 5 with the
complete separative parameter, or

where,

; An analytic fit may be taken from the experimental data at a
. median velocity of 40 ft/sec using ng=0.83 at d,=2u and ng =

0.935 at d = 4u to give,
In(l=n¢) Z
“Ng : "
[-———--] g A v, 1+¥2—“-§-'> (7)
-1.75 P dpVy



9.5, M
’"_ 4 size is in microns and
wi / - the cyclone inlet velo-
Centyal Cusped Electrode

5 v /y U edey de An £tlsec,

L1

9.0 B 5 DR 7 T I 4 G PR T T R, 17]‘ wherein the particle

// i The trends of this
Disteibution 4! theoretical correlation

a_/ 4 are shown in Figure 14
7K¢ ] over the general range
/

Inlet .Mass |
oy ehiaee  of experimentation. 1t
. !irn Charge

4: 1is noted that a loss of
_ performance is antici-
pated at increased vel-
ocity due to a weakening
of the relative influ-
s ence of electrostatics
R 207 0 82V, 3 2 3 43¢ 2 and the predicted per-
MASS AVERAGE SEPARATIVE PARAMETER 75‘ - ) PARTICLE SIZE (u) ‘ formance increases with
FIGURE 10: OVERALL EFFICIENCY § SAMPLE msﬂlw;nou AT 18“D ELECTROCYCLONE TEST t particle size. Equation
7, however, predicts a higher performance level for coarse par-
ticles than found experimentally.
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Test Dust: CURL 2™ Stage Plyssh

0.2+ 1 ¢ BN 0T YO e 25 S ! 1 it

The indicated enhancement for electrostatic enhancement is

2
1n(1-ng) €D D 1 2 B Y D
£ e 14243. e o - e o e (8)
1
1n(1l-ng ) dpvi | R Duld2n 1n D/Del
e R R SR T N BB T fggmel =] Thus, for a fixed voltage grad-
aF Gycione Inler Telosir]  ient, geometric similarity, and
2 “5“::::“"“ fixed inlet velocity, performance
. 4 = - 57,7 3 is improved with electrostatic
e » — = 224 71 : augmentation at increased cyclone
v -— = 54.8
Ty 3ek ¢ scale.
; 70 i BN
g eof ! For application in the PFB-CFCC
G e g £ ] system, special interest is dir-
Pt 3 ected to controlling erosive
o £ i particles of the order of 5mic-
= : : : rons and larger. Assuming cyc-
e s o e lone inlet velocities of the or-
nnmunnmu-u)'ifu$4 ~ der of 100 ft/sec, the indicated

enhancement in separative effect-

FIGURE 11: FRACTIONALLY EFFICIENCY OF ELECTROCYCLONE WITH CENTRAL
iveness (from equation 8) is in-

_ CUSPED ELECTRODE AT +70kv (0.35 ma)

nf'creased_by‘282’
"ft dia. cyclone. This empirically-deduced theoretical correla-
. tion finds that electrostatic augmentation should be highly de-
sirable for turbine erosion control using large cyclones. How-
ever, the apparent variation of coarse particles is critically
impertant.

an“18 inéh diameter cyclone,”or‘byllzz jor a6f}v5~4~~
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" Comparative Performance

95 Figure 15 compares the test results
of the present work with previous
work. All data is without electro-
static augmentation. As previously
noted, the 18 in. diameter electro-
cyclone model is a derivative of the
Stairmand High Efficiency design
(with low flow handling capacity,
20 4 Q= 0.1D?V4y)while the earlier 12 in.
oottt v yanr Ly e Sy ey diameter air shield model is a deriv-
Wit A ¢ ¢ 'Y ative of the Stairmand High Flow de-
o T sign (Q=0.281D%V,). Hence, the re-
FIGURE 14: THEORETICALCORRELATIONOFELEC\'IDSTATIC ported data is shown for reference..
et L The reported data for the high flow
design appears to be unduly pessimistic. Tests of an approximate
model were found to yield much higher efficiency of collection
(13). The earlier air shield cyclone, both with and without the
i ; clean air shielding feature, was found to embody design features
T significantly superior to the basic Stairmand design. These are
presumed to include a longer engagement length (between the ex-
haust and the cyclone body)and a smaller exhaust diameter (in-
creased spin-up). The present model data in this comparison is
-~ found to providemodgg -slight additional improvement in spite .
-.of “the much higher® swﬁn-up provided by the smaller exhaust. It
is concluded that an additional design feature is penalizing
the present design.

Flyash
830 -

70 _v* = 20 ft/msec

60 -
= B0

FRACTIONAL EFFICIENCY (V)

40 -

Table 1 summarizes the basic design features of different
cyclones, exclusive of the air shielding feature.



" References

Particular attention may be drawn to the ratio of flow area
at the cyclone annulus versus inlet. It is noted that excessive
flow diffusion exists with the High Efficiency configuration.
This would be expected to result in excessive flow separation

-and turbulent mixing at the cyclone inlet. This ,situation is
also evident in the High Flow design, but to a much lesser ex-
tent. A preferred design would provide for an accelerating
inlet flow turn (or the use of axial swirl vanes) as indicated
for a recommended design shown in Figure 16. The ideal design
is intended to suggest preferred trends.
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These cold flow investigations show an electrostatic enhance-
ment particularly for fine dusts which are projected to be es-
pecially beneficial for large cyclones. Present data suggests,
however, that performance is inhibited for dense dusts and at
. high velocity. It is hypothesized that the main problem is due
to an inlet flow maldistribution associated with the use of
small inlets, typical of high performance cyclones.
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e BASIC CYCLONE DESIGN PARAMETER COMPARISON
(i (Body Diameter = D)

i ok i :

‘Stairmand

L4 High Stairmand Basic f e R&D
“Efficiency - High Flow " Air Shield Recommended Ideal
) . { g T Annular
Inlet Type gTangential Scroll Seroll ‘i .Scroll Turn
Inlet, x/D 0.5 % 032 0.75%x0.375 0.75x0.375 0.9 x 0.45 0.9 x 0.45
Overall H P | : b '
Length,L/D Ak 4 i 303 B 415 * 6
Dust Exit, G ”fi : *‘ i e, .
De/D 3/8,Dump 3/8,Dump I8 N 8, 3/83 V.S. 3B V.S
Inlet Area/D2g3 0.10 0.281% 0.2813 0.405 0.405
Annulus Area/D2 0.589 0.3434 0.3434 0.3434 <0.3434
*
Outlet,De/D 0.5 0.75 0.67 0.5(pif.)" <0.5(Dif.}
OutletArea/D . 0.1963 0.4416 . 0.3489 0.1963 <0.1963
Inlet Vol. /n e 0.2944 0.783 0.783 101663 . >0.663
BodyVol./DC 14 776 ¢ 1.482 1,085 1 772 2 ™3,225
Spin-up Rati P o 2.33 : 2.63 3,90 >3.90
Engagemen;** o ;

Length/D ! : 0 1/8 1/8 1/4 >1/4

Vortex Shield
Diffuser it
415 ;
*** Axial Lehgt% Between Inlet and Exhaust

* %
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Nomenclature

A = cyclone inlet area - E =‘eiectric field

= dfag.force

particle diameter

electrostatic force

D = cyclone diameter Fi = inertial force
B, = exhaust diameter L = length
D = electrode diameter A = differential pressure



penetration - 1-nf
cyclone flow
particle charge
radius '
separative parameter °
inettialrse?é;ating parameter
hrédialﬂ§£i3£;¥;?ht T

cyclone inlet vélocity
cyclonevtangéntial velocity

voltage differential

inlet scroll width

overall cyclone efficiency

fractionalAefficiency -

~gas density

particle density
absolute gas viscosity

Ppermittivity of air
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