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Abstract 

.. , .. 

HIGH PERFORMANCE CYCLONE DEVELOPMENT 
W.B. Giles 

Corporate Research and Development 
General Electric Company 

Schenectady, New York 

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 performa~ce, similar to earlier work on a 
12 inch diameter model. 

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 b• particularly beneficial for fine dusts in 
large cyclones. 

Recommendations for further improvement in cyclone collection 
efficiency are propose~. 

Introduction 

Earlier experiments fouqd (1) a marked influence of natural 
e lee t ro static fore es. in enhancing eye lone co 11 ec t ion ef f ic i·encies, 
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 collisions. Certain dusts 
are ~ound 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 fold greater than CURL flyash. With-
·in the cyclone, these charged particles aie mutually repulsive 
and the resultant space charge augments inertial separation. In 
the present work~ applied electrostatics are used to enhance 
performance. Similar effort is found in the literature (8,9,10). 

_ pn~ · s~udy , .. <~1 .. , !n .. :-~ac t·;": __ concludes_ th.a_t~_-.t:he~_~ene fit does __ ,no.t~-P us-· 
.- .t ify the complication .. ·:< However, for' _hot .. ·gas .·cleaning in ·cc)al

fired power generation .systems large cyclones offer an e~onomic-· 
ally attractive optioi. Small, multicyclones pose a substantial 
risk of fouling, whereas large conventional cyclones have poor 
performance for fine particle collection. Thus, the objective 
is t"o attempt to obtain, in large cyclones, the equivalent per
formance of small, inertial cyclones through the application of 
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electr o statics. In addition, the cyclonic action provides a 
mech a ni sm o f d u s t rem o v a l f rom th e coll ec ting el ec tr ode surfa c e 
th a t p rec l udes th e pr obl e m of d us t cond uc tivity a t hi gh temp e ra
ture whi ch inhibits coll e ction with conventional electrostatic 
precipit a t o r s . _ 

Preliminary Experiment 

The general characterist i cs of usi~ g 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 
fiel.d from the electrode ~ ... to the .. grounded 'cyclone ··-body with a oeor- . 

. ona -source ..at the ~o.ur·-=·c~sped -e-dges of the·· .:J.e ctrode • . "Th~e.:-'' aata -····}-· :.._: 
indicates that the · appli~ation of a - charge ~esults in a signifi- . 
cant improvement -· i~ · collection at the lci~er · t~st velocities. 
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General Theory 

In a reverse flow cyclone, a 
swirl _ flow ~s induced, and the 
flow moves radially inward to the 
exhaust. A centrifugal, or iner
tia force, Fi, is produced on the 
air-borne particles acting against 
the inward drag force, Fd. Addi
tionally, with charged particles 
in an electric field, an el~ctro~ 
static force ; Fe, aids the cen-. 
trifugal force to promote partie~ 
separation. 

The separative efficiency of 
cyclone, n,is functionally de-

0 . 1 '-:"--'':-'~'--'-.....,.-1~-'-................ ....L....Jc...L.J~.L--~ 
1o •o 1oo :aoo p end en t on the s epa r a t i v e p a r a-

o.s 
o.z 

~un ~~~~ meter S, which can be determined 
I . 9 

n=-1 IHNat All sHJEI:D HODEL vJTH OJ_5P~ ELEcrRont : em p i r i c a 11 Y.•. The g en e r a 1 _ co 11 e c-
t i o; characteristics may be studi~d by considering the combined 
inertial-el~ctros_tatic ·sP.parative parameter, SF where 
· · · - -::: ~ -- s "'= -~ (1 + Fe ) = S (·{ · :r ~ ). 

.F F. i . ·- F 
~h·i~h ,<:-= .. _·:~~:;i:'::-·~;. ·,~-~·,:;:~ .. d l. :~~-;.;;·~?~~·-:~ i _ .. 

q = 3~£ d 2E , with 
p 0 p c 

E .. E(r) 
c 

v 
::: 0 

rln(D/Del) 

( 1-) 



* The maximum g-fi e ld occurs at the edge of ihe core flow reg-
ion whi c h i s as s umed here as equal t o the e xit duct radiu s o r 
r=D /2 . ·Th e ma ximum E-field, h owe ver, i s g r ea ter at smaller 
radius,e.g. particles convected to smaller r a diu s can bec ome el
ectrostatically dominated, For present purpose, ' ~he E-field will 
be evaluated al so a t r= D / 2. 

. e 

Since the radial infl ow ve l oc it y 

(
Ai) 2 TID L U = -- D V = Q 

e r D2 i ' 

i s app r oximate ly 
. . 2 
wh ere Ai = 2 (b) 

un i for m , 

The spin-rip, via conservation of angular momentum, is 
-~ -· -) . -,..._, -- . ~-~ . ~ ""'- . -·... .. ...- ·- . . ~ 
. - (1+2x ~ )n·; .;v i = ·D v .- - ,-~x_~ .,,.;; .. ~7.D -

.. .~ .. .. _ ..: ·- . e t -:'t"n: ·~ .. "" .. ~':"":-:. 

Then equation ~ -.b.ecome.s --

vi 
[1 · + 

. k . 

s ~1 (vi7ne)2l = D 
·· ... e 

where, 

1Tppd/ (1+2x')2 
kl 

L = 
18ll x' D e 

. £ c)~ 1 /( v- y k = 0 

; 1+2x' ~n DfDel . 2 p d D 3 
p p e 

(2) 

Equation 2 indicates ~4 minimum exists when Vi/De 
this minimum separat~ve ~arameter is 

= ~· and 

s _ 7T -~ L (1+2x') 
min~ l.SlJ lJ~ D x'2 

e 

v 
0 

ln D/Del 

The _ design of the electrocyclone should be such as to make 

(3) 

Smin as large as _possibl-e. This indicates that the desired .. 
--~- featur. es are· • • ~~..::---:··· . ..::_ - ..... "'· ,.. ... ~,.i... \:-". 

L... Long cyc'ion e '' length., L/D, consistent --wi.th vortex stabil~ty -~-
2. Small inlet area, x', consistent with -good inlet flow swirl 

turning, _e -.:-·g. "flow . acc;el"eration into the annular passage 
·-3: Sma.ll exit diameter, . De ·.,- _, --~--;-- · 
~4 _ . Hi_gh a_pp.:l-! ed _ -vol ta·ge , _ -V_,o, cons is tent wiJ h 

.---- '" 'stra-iiit ·s -?:F.;ana:.:- · ·1;'<"" •· fi.E - - _ '--· •• ~.;; J~'. ·• 
,_~ ;:· -""',-::..:- ., .. ~= .. . ~~ ·;~· :ft .;. ... 

5. Large electrode diame~er, Del, consistent with the 

In add i ~ion, ,_,_-. c __ y ~ ~ !J n e _.,;.o p e_r _a t ion s h o u.~~~--:--~~~-: : ~,t . maxim u~ a ~-1 o~-~ b.:l: e~ -;;~~--~:~~ ... : ..... :;~--
_velocity (subject to constraints of erosion, pressure loss and · 
particle bouncing). This allows minimized cyclone size, De, to 

_ max~mize performance. 

*Some independent ev i dence ·s u ggests t h at in the prese n ce o f a 
strong corona source the E- field may be r elatively constant. 



The influence of electrostatic augmentation, relative to pure 
inerti a l se p a rati o n, 5 0 , is indicated by the ratio, 

S /So = 1 + P< ~ Dv i (nne :xr+~J(~nv~~:J (4) 
p p i 

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

Test Mod~l Design 

The general design configurat~on was der~ved from Stairmand's 
High Efficiency·~·design . wLth maj-or modifi~-tions . . An out~ine of 
the d-esign is ·sho~ti ".1 .;.-:~;tjgur.e 2. Simi.l.arky i.s found in .~;t:he 
cylind-rica.l' ~conical arid - exhaust length-=-to-::.d-iamete-r ~ -ratios; plus 
use of a small inlet ar-ea (Ai=O.lD 2

) • . In addition, the air shield 
feature (12) is employed using a double scroll inlet with the 
clean air inlet sized for 80% of the total flow, and a conical 
section aaded . to the exh~u~t - inlet id increase gas spin-up. 

fJGUU 2 : 

-· T The electrostatic features included 
! 
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the electrical isolation of the lower 
end of the exhaust duct with high vol
tage supplied to a central electrode. 
The original c~nfiguration, shown in 
Figure 3, consisted of bundled wire and 
is similar to the electrode Petrol! and 
Langhammer (2). It was found to result 
in excessive vibration, singing, ~nd 

poor cyclone performance. The next de~ 
sign used a central cusped electrode 
supported by crossed non-conductive rod. 
Figure 4 shows ~he original installa
tion in the 12-inch diameter air shield 
cyclone. as used in the experi~ent in 
Figure 1. This electrode was then in

~t 
J ~ ·corporated in the _.:...;l-8.;- inch diameteJ:.: el-l .;- ec trocyc lone testing program. ~ _ 

cold flow electrocyclone 
shown . in Figure·-"'5. 

Techn~que ."':'II :; 

_ .· .. ~.,. l .... . .... The experimental procedure . consisted 
-~ > "\1,;-..,.! < ~ 'J 0 , ..,.,,...- ~~ Y'o. \, ) ,'"· .,. , ... oot-U- ' " ',""" ~r- .... ')., . M 

_:,_:-.;:::ro r .. s~:PP 1.-yi.~g_; .J!le .. r~~~'- -~~an. -~~ "Fa_i ::.~:Y: q;~Q_w~~;.tsP.~; ~l!a~--~.~~=.!~.s.P'~ ~~ :.. 
ively) to t'be wo cyc~one 1nlets. Botli t't::flows ·· were provide"a y 

• " a .blower 'using '7.£:fftered! -a'ir 'at the'' input'.~()"' the blo'wer : \ -A sma'll 
fluid bed dust generato~, 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 
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and outlet using two Pl"L~S V Mass Concentration Monitors. The 
other measured size distribution at both inlet and outlet using 
two Royco Airborne Particle Counter Systems. The latter used 
isokine~ic probe sampling, followed by dilution to avoid coinci
dence errors. 

Resu l t s a nd Di sc ussion . 

Pressur e Loss 

The fl ow impedan ce of - t he cyc l on e was de t ermi ned b y measuring 
pressure loss, [).p , -ver s-us~ inpu t volume ·f i ow. , · The correlation 
based .on inl~t kinetic ~eads to g i ve 

-~r~~~~-- . ---~:~.;~~i;§~ . 
[).p/ 2 pV} = -8.2 for D.e/;f. :·.~ --~ -

This may be compared to the reported . (ll) High Efficiency .. _ 
Stairmand -design givin_g. a .value 

·- ,, .. ~ - -~ ........ ~ "· 
~-- -~ ~.: 2 

[).p/-2pV. 
. 1 

- -~:-- --- 1 
6.0 for D ! D ~-

e .. 2 

Se ep i ng Exper iments ;""--

~. 

Preliminary expe r im~nts were first tried with an external 
corona particle charger ~ and separately, with an internal volta~ 
field. _Neither were fou nd to. yield signi.f icant enhancement. How
ever , tests with an internal corona source to produce both par ~ 
ticle charging and an ~pplied voltage fie~d did show promise as 
found in Figure· 1 . . rh~:= results of a series of seeping test·s . 
using the 18 in._ d i amet e'_r . electrocyclone are summarized in Figure 
6. These results indicated that an upstream corona source was 
not s i gnificant and a ~ positive corona was ~ slightly beneficial at 
atmospheric conditions ;~ r elative to a negative corona source. 
The . data shown is plotted in terms of the overall efficiency vs. 

n volumetric flow times the square 
" of input, __ mass mean particle~ ·s _ize 
u .; as an . ind-i ·cator of the inerti.al 

liD Upatn- Coronat+t5k• !!lect.ro<t. 

·"" Upnr•- coronet-45k.. Electrode 

2 

l L-~~~-L~~~LLLL--~J-~~~~-LWU 

1o3 1o• 10~ : 

INERTIAL SIHILAIUTY Qdp:O - cfD I• ~ 

FIGUitE 6: SCOPING EXPERi MEIITS WITH U" D WCTROCYCLONE MODEL 

similar'i-ey':'---p ar ameter. CURL fly .: 
a sh is used as the test dust am 
the exh~:~s -r~uc t is i nsu la ted 
f rom gr p:Und~ ·: 

wi'th 

J 
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Correlation with the inertial separative parameter is found to 
be excellant for the case of fl y ash. Good repeatability is noted 
with replicated runs. Also overall efficien c y v e rsus mass aver
age sepa~ative parameter (solid symbols) is in good agreement 

.with fractional efficiency data. 
.. . . r---r-r~r---rr-I""T"TTTT'"-~.--~""T"T .... T"T"TT-r--r--r-........... ..,...,"T'1 : The data using nickel, 

lin Figure 8, (with 
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· !particle d e nsity taken 
: a s 8 , ver s u s 2 for fly
, ash ) sh ows th e s a me 
, appro ximate agreement, 
particularly for data in 

. :.xhe range of 21. to 7 5 
-. j f t / .sec inlet v-elocity. 
l The mass average effic
l · iency curve, however, is 

~ - Zlll:2 ~L-- -.....L-.1-....J........:Ll...l...l..LL_~.L_......L~L..L...Ll..LLJ~ ~~ : : ~:: 
I I I II I II -~_.__._~._._._._.J......L..J..J 

: at signi f icant variance 
!from the fractiona~ eff
l iciency curves. The be
·1' havior of the former is 

l.o-• 10-J 1o-2 

PIGUU 7 : IJICIIAGD liUCTJIOCYCLIIIII! (li"D) 

"·' ··-· r ... s r 
1t[ .. 

I 
.. ~ - 00 

~ 

" •• ~ 

§ ,. •• 
g •o 
t : 20 

1 0 

' 

tt.aa a. .. r•ve Eff i cieacy .,..,_ 

.... 
~rlyooi>Do .. 

0 

•. 

0 

Electrostatic Performance 

0 0 § 
0 0 

1 nl•t Cyclone 
Veloci ty Flew 

ft/a•c f t/MC 

0 ''·' l .l ll 
0 15.0 lOll 

<> s... 110 

.'iJ 16.1 ... 

A 21.1 21t 

£1 U.l liS 

Solid s ytlbo l a - Ma. .. . .. r ... 
· &ff i c i a..qo 

10
-

1 s u gges tiv e o f " c o a r se 
!particle bouncing. " The 
ldata suggests that this 
effect is primarily de
pendent on part i cle 
kinetics, PpVi 2 ,rather 

· j than particle size,dp, 
! since the effect is not 
evident in the fracti9n
al efficiency data. This 
is taken to infer that 
performance degradation 
might become important 
for flyash at velociti~ 
greater than 100 ft/sec; 
however, material di£f
erences may be expected 
to play an important 

.- .. ~ .( 5) 

Figure 9 s h o ws th e r e lative influ e nc e o n overall c ycl o ne eff~ 
cien c y with a char g e d c e ntra l cusp ed e l ec tr o d e . Th e e xh a ust du c t 



was electrically insulated from ground and hence, could float at 
some intermediate voltage level. Typical current flux was meas
ured at 0.35 rna. It is noted that performance is substantially 
independent of cyclone inlet velocity and significantly superior 

. to inertial operation. Figure 10 shows the same, ~ata after minor 
. corre c ti o n for parti c le s ize err ors, associated with the PILLS 
sensor versus th e mass a verage separative p a ram et er. Al so sh own 
are typical measurements o f inlet and outlet flyash size distri
butions. The very close similarity of these di s tributi o n s c a n 

" • 
1 le.ad to experim e ntal e r ror s in ,. 2.3 2.4 2.2 2.2 2.1 2 . 1 ~ tlolaa ,_,. Partic:le 

1 l ~ l l 1 Di-ter d e d u c i ·n .g f r a c t i o n a 1 e f f i c i e n c y. 
t 5 

ID 

.. 70 

t t 
t ' 2 .33 2 . 35 2 .3 2.2 

FICUIIE t : OVERALL EFFI CIENCY AT 11" D ELECTitOCYCLONE WITH CENTRAL 
CUSPED ELECTRODE AND FLOATJNC EXHAUST 

i.n F igure 
the PILLS 

Theoretical Correlation 

F igure 11 shows the deduced 
f r ac,ti-o.pa.~ ··eff i ciency -with a 
charltea _ :C~entral elec.t.rode;. 
Gene r aU y ; · it is f o un'Cl '1:h at > 
eff i ciency is substantially in
dependent of inlet velocity. 

The performance data with a charge and using flyash may be 
achieved by replacing the inertial term i~ equation 5 with the 
com~lete separative P ~"5!i'D! eter, ?r . ·~·~ .. __ _ , 

k D 
2 

]0 . 5 
( 1 +:·-2 .. ~ '") 10 3 

. v . ., .. i . . 
(6) 

a 
·using d =2~ and " nf = .. -.. ~ 

p . . . 
at 

(7) 

; 
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wherein the particle 
size is in microns and 
the cyclone inlet velo
city is in ft/sec. 

JlCUI£ !D o IIVllW.L £FPICII!JICY l SAHI'U lllSTaliiUTIOII AT U"'l> EUctkOCYCLOII E TEST 

7, however , predicts a higher perfo r ma n ce leve l fo r coarse par
ti c l es than f o und e x pe r i men t a l l y. 

.. 
t 
"' :; 
~ .. ... ., 

The indicated enhancement for electrostatic enhancement is 

ln(l-TJf ) 
0 

, 
,. 

's 
go 

10 

=·1 + 14245. 
2 

d vi , p . . 

:;:; 1 + 

cyclone Inlet Velocity 

E D 
0 

ppdpV~ 
2 

D 
e 

D 

1 

1+2x' 

2 6 V /D o e 

ln D/Del 

2 

(8) 

Thus, for . a fixed voltage grad~ 
ient, geometric similarity~ and 
fixed inlet velocity, performance 
is improved with electrostatic 
augmentation at increased cyclone 
scale. 

For application in the PFB_-CFCC 
system, special interest is dir
~cted to controlling erosive 
particles of the order of Smic
ron~ · ani l~tger : Assuming cyc
lone inlet .,.velo.cities of the or-

- der of . 100~:-ft/sec, -the indicated 
"' · ~ enhancemen2 i~ separative effec~ 

F1 GUIE 11 : FRACTIONALLY EFFICIEIICT OF ELECTROCYCLONE WITH CENTRAL 

- , . -~-· . . -- . -~ · - ~ iveness '"""(£rom . equation .8) is in- __ 
·creas e~d.~j~- ~~-:-r-'· :9 .: ;an_:- ~ - ~in-::cii""": -diameter~Xt:)rc~'?ne 7'"'cir -b}; ll_2% .... ,( o X: 'J! 6 ..,.::: ..... .," 

· ft dia·: ·l!!'cyc'lone ~ ~This ~ eri;p irically.:deduce d ~-theoretical · carrel a- . -- ·:!!"'"~ 
tion finds that '-' eiec·tro1st_atic augmentat'io·n:· should be highly de
sirable for turbine erosion control using large cyclones. How
ever, the apparent variation of coarse particles is critically 
imp<Htant . 
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Comparative Performance 

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, 
· Q= 0.1D 2 Vi)while the earlier 12 in. 

uL-o....L.....J......l-LLLJL-_....--l__,_-L...&....L..o...l..-l....JL...I.-u diameter air shield model is a deriv-
·' •• 1 2 

• ' 
1 10 ative of the Stairmand High Flow de-

PARrlaa DIAMET~ta M s i g n . ( Q = 0 • 2 81 D 2 Vi) • H en c e , t h e r e-
FIGURE 14 : THEORETICAL COitREUTION OF ELECtallSTATIC 

AUCMEHTATION WITH FLYASH 
ported data is shown for reference •. 
The reported data for the high flow 

design appears t-e .-_be unduly pessimistic o Tests of an approximate 
mode"'J. were found - t ·o · yield much higher efficiency of collection 
(13) o The earlier air . shield cyclone, both with and without the 

- ~~ean air shi~ldihg- ~eature, was found to embody ~design features 
· significantly · a·u·peri~r'·7'to the basic Stairmand . design • . These are 
presumed to includ·e ~.a. ::l-onger engagement _ length (between the ex
-haust .:<ind -th·e ~';cyc..lone il{,"b dy) and a smalD:~F-::e~naus t diameter (in
crea~~d splri~~p) • . The ~resent model daii in this comparison is 

;,~,..-~! o·u.nd~~ .T:O~ tOn~'- ·~:«-~~g:ht_ . .addit4,p~!4:· 4.mi>.r~oy:emen~ ~i~ :· ~_R,~t~ -':-::Ef'~-~:"" 
··l"', ·•• o£ -...,the ,,;much :ihigher ,··sp n-up provided by : t e ·:: smaller exhaus·t - · ~ It ·~ -:...· .. ~ 

·is concluded -~hat .. ..an:::additional de~ign · featu~e is penali,z_ing 
the present design ; ···""- -·:..-,;-:"""":- .. · · · ··• 

Table 1 summarizes the basic design features of different 
cyc~ones, exclusive of the air shielding feature. 
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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 eye lone inlet. This , situation is 
al s o evident in the High Flow design, but to a much les s er ex
tent. A preferred .design would provide .f o r an accelerating 
inlet flow turn (or the use of axial swirl vanes) as indicat e d 
for a rec omm e nd e d design sh own in F~gur e 16. The ideal desi g n 
is int e nded to suggest preferre d trends. 
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"I CUU 16 : ! ASIC U CC»:O!ENDUI DISICii • 

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 wi th the use of 
small inl_e ts, typic~_l: ~f, high performance cyc l ones . 

. ·:~::-:_1'-,~":'c!~~~~~;~,:. -- .-4~ .. ~~-.. : v -. ~~ 

... 
u.s. 

1. Giles,W.B. "Electrostat i c Sepa r atio n in - Cyclo n es" Symposium 
on the Transfer and Ut i l iz a ti on o f Parti cu l ate Cont r o l Tech
n o l o gy, Vo l. III, Sect. B ., p. 29 1 - 3 0 2, Feb., 1979. 



Inlet 

Overall 
Length,L/D.;". 
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Dust Exit t\;: 
De/D ;.~-. 

Annul us Area/ · ,,. 
"'L.;;. 
"·' .~ Outlet, De/D . ·.'r: 

Outlet Area/D 
' . 3 ' 

Inlet Vol./D 
' 3' 

Body V~l. /D ,~: 

Spin-up Ra t'i 
En gag emen~*· * .rj., 
Length/D .. 

* Vortex Shield 
** 

*** 

TABLE 1 
·BASIC CYCLONE ·nESTG'N PARAMETER COMPARISON 
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D .. = cyclone diam·eter Fi = : iner~tial force· 

De = exhaust diameter L = length 

D = electrode diameter /::;, = differen t ial pressure el p 
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penetration 

c y clone flow 

1-n f 

particle char g e 

radius 

separative parameter 

ine~t~a~ sep~rating p~rameter 
. . ~. -.. . -· ~-tr':~~: ~~i~-j_~~-~~- . ~-
radia'i ,· v el o ci. t;Y:~ t r 

• ., .. r··,.. """" .~ .... 

cyclone inlet velocity 
·:o..,;: 

cyclone ~~ngential velocity 

vo ltage differential 

inlet scroll width 

overall cyclone e~ficiency 
......;~..;:~-"-:.~.:£··

tractional eff~ciency 

gas density 

particle density 

ll = absolute gas viscosity 

E ·: .-': ' • -::-permitt·i~ity t:Jf' {~ir -

. .;. 
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