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I. Introduction 

FURTtIER STUDIES OF FABRIC DUST COLLECTORS 

by 

Chnrlos E. Billings, Richnrd Donni~ 
nnd 

Loslfo Silvormo.n 
Ho.rvo.rd School of Public Hoalth 

Dopo.rtmont of Industrio.l Hygione 
55 Shattuck Streat 

Boston 15, Afo.ssa.chusotts 

In conjunction with studies on commercial dust collectors, this 

lnborntory has conducted performance tests on·a Simon Suction Filter 

(Entolotcr) furnishod by the So.foty Car ·Heating and Lighting Company, 

Inc., (Entoloter Division). Arrangements for the loan of this device 

(originally mr.nufa.ctured in Great Brita.in) wero made through the Neh'" 

York Operations Office of tho Atomic Energy Commission. 

~ho Entoleter unit is a multicompnrtment bag collector omploying 

cyclic &utoraatic rapping (assisted by back-flow air) to keop bng 

pros sure losses within n limited rnng,e to insure a nearly constant nir 

handling capo.city. The collector Ho.s intendod primarily for use in the 

flour milling industry r...nd ha.a a filtration capacity of ten cubic feet 

por minute por square foot of.cloth. 

The purposo of test3 conducted by thiG laboratory ~~re to determine 

pori'orme.nce cha.r:uctoristics of' the Entolotor unit on. fino ti.ores ols, 1.e. 

tnlc nnd fly-~sh,2.5 nnd 16 microns mass modia.n dinmotor rospectivoly, 

when opontod a.t ro.tod capacity (10 cfm/:;q.ft. ). 

Co;npo.rioun of tost do.tu with that obtc..inod from e. Horsoy rovorso-jot 
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coll oat or O!)uro.ti;1~ wl th similar o.oro~ols nnd. f iltrnti on vol oci tics porini ts 

bt.•ttor ovo.luo.'tion of tho efficiency nnd p~ossuro loss chnre.cteristics of 

the Entolotor unit. No do.to. ho.s bean published ( oxce pt preliminary do.to. . 

. in NYO 1580 (3)) on the Entolotor collector with dusts whoso si~os o.ro in 

tho ran~e 1.0 to 20 microns. Tho porformo.nco of tho rovorso-jot filter 

hns boon discussod in soverul AEC roports (l,2,3,4) o.nd by Co.plan (5,6) 

nnd Mason (7). 

The results of t'ests on tho Entolotor ·collector do not indicate 

porformance of cyclicly clonnod multicompo.rtmont units used industrially 

at usual low filtration volocities (1 to 3 fpm). 

II. Description and Oporo.tion 

A. Entolotor Unit 

Tho Entoloter unit tested hes four co~partments connected on 

tho botto~ to o. co~~on inlot heo.dor and hopper, and on tho top by moans 

of individual dumpers to a com.~on outlet header. Each co;lpartment con-

tains. eight sateen v.reavo ootton bags si:x: feet long end eight inches ·in 

dinraotor {100 sq. ft. of cloth). The bngs are att~chod at the bottom to 

a manifold plnte and at the top to o. fram3. The manifold nnd frame aro 

cormeotod rigidly tor;othor by rods so that when a. section is rapped the 

bag~ are lifted &nd dropped (about l 1/2 inches) ns n unit, thus prevonting 

disto~tion or collapse of tho.filter tubo3• Tho dnmpors o.t the top of tho 

unit connect to tho lifting g;onr so that when a. co:npartment of bag;s is 

rnppod. prirnory air .flo17 to tho fnn shuts off o.nd the compartment vonts 
I 

to ntmosphoro pormittinz; o. curront of back-flow o.ir to o.ssist the rappine; 

in dust romovnl. 

In normul opornti on dusty nir enters the bottor.1 of all tubes, pv.sst;.:; 

up tho insidv, filtort; throut:;h tho cloth, and lortve:s thu compnrtrr.ont ' 

·----------------·-·--········· ...... ,.,., '""'"" ____ l_IAllW-lll'M-11 ___ _ 
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throui:;h tho "dumpor soction!;. Durinr; its 5.2 miuuto cycl(I, onch section ii; 

dmultnnoou::;ly liftod vnd dropp1.~d :in rotation \';hllo shut off from tho 

fnn nnd vontod to nt:nosphoro. Tho clco.ninr; oporation consists of four 

su~h rnps with bnck-flow nir~ Tho compnrtmont is roplncod in sotvico by 

shifting tho dnmpor nutomc.tically to its opon position. In tho test 

unit tho totnl air flow to the fnn is govornod by the numbor of compnrt-

mants .f'iltorint;, nnd tho nmount of back-flow air anterine; whon or.::i soction 

B. Horsey Unit 

Tho revorso-jot air filtor consists of s. cJrlindor of h'ool felt 

18 inches in diameter connected to n top inlet plenum nnd n bottom hopper. 

Dust doposits on the insido of ·the cylinder nnd is blo7m into tho hopper 

by n reverso-nir jet from a slotted ring trnvorsing the outsido of tho bag. 

Pro~surv drop through the bag controls cleaning action by regulating tho 
• 

amo\Ult of ring travel. (In mnny applicntions tho ring runs·nll of the time). 

Fabric velocity varied from 10 to 30 cf~/sq.ft. Previous laboratory data 

roported (3) prossuro drop·s from 1.0 inches v:ator gago to 4.5 inches •re.tor . 
gn~o on l.O grain/cu.ft. of fly-ash to 8.7 grains/cu.ft. of i.t>Jc, re;;poctively. 

Ef'i'luont .100.d~ngs were in the rango io-3 to io-5 gra.ins/cu.f-:, It vms also 

reported that the intensity of reverse-jot s.ction and filtn,'.,j on velocity 
I 

'both directly nffect tho uffluont loading. 

III. P0rformunco Data 

It is possi-blo to co;;npare prc:::suro loss and po~otration chara.cteri::tics 

of the Entoloter nnd reverse-jot unit from tos~s at normal industrial 

opornting conditions (Tnblo I). Loadin&~ rnngo from 0.1 to l.O grnin/cu.ft. 

with to.lo at filtrution volocitivr; of 7 nnd 8 cfm/sq.ft. n..'1d from 1.0 to 
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5 .o grul ns/c ~1:ft. with ru~uspondo d (Cottra ll prooipitat~d) fly-nsh nt 10 

cfm/sq.ft. 

A. Prassuro Loss 

In Tab lo I, sovoral compnr lsons mny bo mo.do of pressure loss n~ 

constant .inlet louding; nnd f'iltrution velocity. For oxnmplo, in Test 1 

the rov~rso-jet unit has a resistance of 1.6 inches wnter gaga at 0.10 

grain/cu.ft. of tc.lc and in Test 2, the Entoletcr unit hns e. resistnnco of 

~.3 inches we.tor g,uga nt tho so.mo loo.din::; of the so.mo muteria·l. The 

Entolotcr resistnnco is double and th~ average ratio for all tests is 2.3 

(sa~o nerosol ~t constant loadinb). Although tho revorso-jot unit hns a 

wool felt bag which :Is higher in clean felt resistanco, cleaning by a 

TABLE I 

C ompnri sons of R.esistance and Effluent Loo.ding 
for 

Hersey Rever~e-Jet nnd Entoleter Bag Collectors 

- gr./cu.ft. Test .. Aerosol Capacity Resistnnco Loe.cii ng; Passc:i.ge ,. 
=ti' 

1 

2 

3 

4 

5 

6 

7 

8 

crrri/sq.ft. iwg Inlet Outlet 

Hersey'> Talc 8 1.6 0.10 D.Ollxl0-3 

Entoloter " 7 3.3 0.10 1.4 xl0-3 

F.ersc~' " 8 2.5 1.00 0.27 ::do-3 

Entolcter " 7 4.7 1.00 2.1 :x10-3 

Eerscy Fly-nsh 10 1.3 1.00 o.36 xio-3 

Entolctor " 10 3.1 1.00 2.2 xio-3 

Ho:rsoy II 10 1.6 5.00 
. -3 

O. 80 :xlO 

Ento1€-ter II 10 4.6 5.00 4.2 xio-3 

• 100/. s~low Hine; Opt!!rution, Slot Velocity 2000 fpin tulc, 
'1200 fprn fly-c.:;h. 

,. ·~ ·- _. ...... 

% 

0.011 

1.4 

0.027 

0.21 

0.036 

0.22 

0.016 

O.OM 
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rovurso:--jot. or nir rosults in n. lowor opornti~G rosis~unco. Tho cotton 

sutoon usod in tho Entolotor unit doos not e;t)t tho so.?1:0 cicr,reo of cloo.nin:;. 

Tho revorso flow air in tho Entoloter a.mounts to n mn>:imum of 300 cfm 

~i~tributoci ovor 100 square feet of cloth, or an vvcrnie reverse ~ir velocity 

of 3 fpin. It shoula bQ notod thnt tho primc.ry function of tho revcrso cir 

in this dovico is to re~ove tho suspended dust dislodbed by reppinc tho 

bugs und to prevent dust lenknbe to the cloun uir side of the unit. Tho 

reverse-jot oporntes in tho ranr;o of 2000 to 4000 fpm ovor a. very small 

area at any given time, but travels constantly ovor tho whole filter surface. 

If tho Entoletcr collector were operated nt 3 cfm/sq.ft. es in usuo.l 

bag filters, instead of 7 or 10, the resistence would be 2 to 3 times lower. 

For a given exhaust air volume this would require more collector e.reo., but 

it would not roguiro cleaning the bags a.s frequently to maintuin a specified 

.resiste.nco. 

In evalueting these collectors (both at ~aximum cleaning capacity) it 

may be noted that the reverse jet resistances ar'e based on 100 percent blcrr 

ring operation. The Entoleter cleaning mechanism, however, opero.tos only 
I 

.40 ~inutes per section in 5.2 minutes total cycle ~nd corresponds to 30 

perc:nt(
4 ~.240 x lO~oporation. From NYO 1586, p. 26, Fig. 8, it is 

possible to estimate tho s.ddi tionel rcs5 stance the.t would. be requirod to 

operate the revcrsC:J-jet cleoninb n:ochenism at 30 percent •.. This increase 

will bo 25 percent if tho 100 percent blow rinG operation resists.nee is 

5.0 inches 1..-0.ter gc.ge •. With lower resiste,ncos as indic..ntecl in Tests 1, 3, 
' . 

5, o.nd 7 thu incrcr.se is probnbly hir;hor (up to as much as 50 to 75 porcor.t 

tor low rosjstences of 1.5 to 2.0 inches water gage). This will not caus8 

tho roverso-jot rosistnnco to exccod thot nf the Entolotcr, but will put 

thom much cl o:;or tot:other. 
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All_ rosistnncos nro oxprossod nr. nverucc~. Somo indicotions of tho 

ronco nr.socintod with the nvorcq:;o oro includod bolow. In tost numbor 8 

tho Entolcter rosistc.nco is listed nt 4.6 inchos wnter r;nge. Tho nvorne0 

r.osistf\nco or prossuro drops ncross tho four sections w0re rospoctivoly 

-4.2, 4.4, 4.7 nnd 5.0 inches ~~tor boce. Just bofore shnkinc Unit IV 

(hit,hcst) the value wus 5.3; immcdintoly nftor shnking the vc.luo droppod 

to 4.8 inchos ~~tor gnge. Tho c.vor~go listed is the nverngo of the four 

uni ts (e.t equilibrium), eech unit nt its o.vernge opera.ting resistance. In 
I 

test number 7 the reverse-jet rosistnnco is listed as 1.6 inche& wator 

gage. The varintion in resisto.nco during one cycle of tho blo"l'l ring is 

from 1.6 (do.-mstroke) to 1.7 inches water gar.a (upstroke). 

B. Penetration 

The amount of dust leaving the coll ~tor per lL'1.it air volume is 

also seen to be lower in tne roverse-jot collector. Tho Entoletcr (Test 1) 

effluent loading at .10 r.ra.in/cu. ft. inlet lending of ta.le, is seen to be 

l.4 grains/1000 cu. ft. of air, compered to 0.011 grains/1000 cu. ft. for 

the reverse-jet (Test 2) at the snne inlet loading. The effluont loading 

from the Entoleter is 130 times higher. In tests 7 ·and 8 (5.0 grains/cu. ft. 

fly-&sh) the Entoleter is only 5 times_ higher in effluent. On the basis of 

all the tests shown tho Entoletor effluent excoeds the Hersey by a. i'a.ctor 

of grentcr thun 5 w~1on the inlet louding is le&s thnn 5.0 grfl.ins/cu. ft. 

At an nverage industrinl loading of 1.0 grain/cu. ft. the factor is about 

· 7 for both test dusts. 

In filtration through porous materials tho depositod 5urfe.ce dust cake 

is the principal filtorint; mochunism (8). In tho rovorso-jet unit this cnke 

is dislodt;od nt only n s:r.nll croa nnd tho inco:ninc duct ccm re-deposit 

itn.moc!:i.c.toly in this moro poroua nron. (Somo quc~tion oxicts ac to how z;1uch 

·----------------'--"""""""""''''""'"""" 
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or tho dopoaitod cnko is romovod). With tho ror.10Yul of lnrc;c nniounts of . . . 

the surfncJ cako in tho Entolotor unit moro time is raquirod to crcnto n 

layor ovor tho lnq;cr clcnnvd nren nnd ponotrntion is hir;hor. This v1ould 

bo particularly truo under light londinr; conditions when insu.f~icicnt 

mntorinl ontors to "bridco" tho spncos botwuon fibers. With lnrr;or aoro~ol 

pn•ti_cles (>so - 60 µ) tho differoncos botweon thciso collcictors mny boco:r,o 

less mnrkod. 

C. EYnluo.tion of Different Bae; Viatorials in tlie Entolotor Unit 

As oxplainod a.boYe in Section II, tho Entoloter unit shakos tho 

filter begs with out appreciable distortion in conjunction \ri th 100 'to 300 

cfrn of back flow air, so that it is possible to use bags of mntorials othor 

than cotton sateen with lowor tensile strength, hic;hor heo.t rosistanco, etc. 

The following table gives compe.rc.tive data for cotton sa.teon, wool folt 

(light a.nd heo.vy), Orlon (wovon) and glus5 ( wovon, l ubricatod with silic ono) • . 
These are compared for li~ht loadinis of atmospheric dust (0.5 µ) and cop?cr 

sulfo.te (1 µ) without sho.king, to get basic porforma.r.ce data. They are then 

compared with tulc and resuspended fly-a.sh at an nvero.ge landing of 1.0 . 
gruin per cubic foot to get an indication of actual· industrial performance 

on 
while cleaning/thci standard c~·cle. 

The approxii::-1ate order of these fabrics for lir;ht loadings with no 

6ho.ki.ng, from hightJst efficiency is s glees, ho£\vy wool, cotton, ~·lon, and 

light wool. It co.n be soon thc.t the higher officioncios are associated with 

higher resistances. Tho uso of 'henvy lond:lnf;s chrme;es the order slichtly, 

fro:n lowost penotrntion: glass, houvy wool, light wool, cotton anci C>.-lon. 

A considorntion of tho srnoothnoss ·of .fiber, nnd vroo.ve (or felt) poro size, 

will tond to confirm tho second lict o.bovo, 1Jinco tho dor;rco of dopositod 
"'\ ...... 

oo.ko filtrc,tion doponds cm tho chr.rnctor of tho mod:lum upon which tho cv.~:e 

..... ~ .. .. 
. . 

········-··-··---·----··-----------------.. ---.... -·-·· ........... -.......... .. 
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Light Wool 
Orlon 
Cotton 
Henvy Wool 
Glass 

Light "Hool 
Orlon 
Cotton 
Heavy Wool 
Glass 

Light Wool 
Orlon 
Cotten 
Heavy Wool 
Glass 

Light Wool 
Orlon 
Cotton 
Heavy '!iool 
Gless· 

\ 

WN.Hl-1'{0 

TABLE II 

Compo.risons of Efficiency of Filter Media 

A. At~osphcric Dust ot 10 cfn/sq.ft. 

Avcrnf,o .Inl ot 
Res i sta nee Lo&cB ng 

iwg gr/cu.ft. 

0.07 O. lOxlo-3 
0.10 O.l3xlo-3 
0.29 o.1sx10-3 
0.34 0.22xl0-3 
0.56 o.058xl0-3 

• B. Copper Sulf ete at 10 c~sq.ft. 
o. B9xlo-3 
o.s1x10-3 
l.oxio-3 
l.o x10-3 
0.90xl0-3 

Talc • 5 cfm/sq.ft. c. at 

s.o 1.0 
s.s " 
5.5 II 

5.6 " 
5.9 " 

D. Fly-ash o..t 10 cfrn/_r; 9. ft. 
2.6 l.O 
2.4 II 

3.0 
., 

2.7 " 
4.7 " 

.... -.. -... ' 

Weight 
Efficiency 

% 
75 
60 
81 
85 
82 

41 
46 
64 
71 
81 

Pas sago 
% 

0.074 
0.033 
0.099 
o.oz.4 
0.0063 

0.026 
0.56 
0.14 
0.030 
0.012 



Material 

Orlon 

Cotton 

Heo.vy Wool 

Glass 
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1'.ABLE III 

Fabric Comparisons 
with 

200 hr./sq.ft. of Ashostos Flouts, nt 10 cfm/sq.ft. 

Initinl Final 
Resistance Rosi stnnco 

iwg; i wg, 

0.16 0.95 

o.36 1.4 

0.36 0.90 

0.81 2.2 

• is deposited, a.s indicutod above (8) as well as the cake itself~ 

1.4 

1.1 

o. 72 

0.40 

As stated bofore (NYO 1586 I p, 47) the use or the e.bovo fribrics for 

low loadings ((0.001 gr./cu.ft.) of ra.ciioactive purticuletos woulC: require 

many hundreds of hours of operation before filter efficiency increased to 

90 parcent or granter. Therefore, the above bags hnvo been treated with 

asbestos floats ns a filter a.id and the efficiency again compared on copper 

sulfa.ta. These do.tu are given in Table III for n total of 200 grains of 

asbestos per square foot of fil tor surface. Tho bags wero not shaken 

during tho testing;. The sarr.o order of rat'ing of fabric is obtained as 

was .found in Tnblo II for tho basic efficiency on copper sulfate. (The 

.final rosistfmco is not a dirt.3ct mensure of perfo.rmunco). 

Tho use of asbestos "floo.ts" and glass or Orlon bags can substantially 

incrouso tho opcrnting tornpcro.t:..ire lirriit ror I'iltration of light aerosol 

loudin~s in tho Entolbter colloctor • 

.......... - . .- .... 

I 
«• ··---------------

.. . 
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IV. Conclusions 

A compr1rison of tho Entolotor col loctor l'lith tho roverso-jot filtor 

nt equnl filtrntton v1..~locitios, dust londi~s nnd mth mn:ximun cloo.ninr; 

cnpnci ty sho·us (Tublo I) thut Entolotor ponetrntion nnd rosisto.nco nro 

on the 9.Vorug;e or 7.1 nnd 2.3 timos highor, rospoctivoly. Thooo do.to. nro 

bnsod upon "sto.ndnrd~ fabrics supplied for ench unit~ cotton for tho 

Entolotor and ~ool felt for tho rovor5e-jot unit. 

With wool folt in both colloctors, ponotrations nre found to bo 

about oquul for eo.ch nerosol tl)stod •. Rosistnnces of tho Entoloter, ho\.;ovor, 

~oro found to bo twice ns high ~~th fly-nsh and 3.5 times higher with to.le, 

as thoso of tho rovorso-jet .filtor. 

Tho wool felt is concludod to be s. better filter fabric than cotto~ 

sateen, n.t the same filtr&tion velocity and tho reverso-jet is found to bo 

a suporior taathod of cloaning wool felt. 

Tho Entolotor unit offers tho possibility of a. \·lido choice of filtor 

fabrics for speoial applications, chiefly synthotio fibers for corrosivo 

probloms, and glas:. fibers for higher tomporo.ture ti.pplicntions. subject to 

field sorvioe life tests not possible to aooomplish in the lnbor~tory. 

l. Arthur D. Little, Inc., "Investication or Stack Gas Filtorin; 
Roquiro::aonts nnd Devolopmont of Suitablo Filtor::;. Roport ={f7 11 

• 

. Cr..r..briclco, .Masco.chu::;otts, 1949. 

2. Fir&t, M. V •• Silvormnn, L., ot nl, "Air Cloo.nin~ Studios," U. S. 
A· E. C. Roport No. NYO 1581, Harvnrd School of Public Ho~lth, 
1~52. 

z. Firot, U~ W., Silvormnn, L., et nl, "Air Clonning S~udto&," U. S. 
J •• E. C. Roport No. 1HO 15BG, HnrvHrd Scl,ool of Public Houlth, 
1953. 

. . 
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Proliminary Report 

by 

Richnrd Donnio, Churlco E. Billinr;o und Lcolio Silvorm.a.n, IIurvard 
I . 

I:'l this p~pcr the results of' prali:ninury pcrfor•nnnco ttists aro pro-

sented for the "Eloctro-polnr Fil tor", an CX?Crimentl'.ll oust collector 

devclopod by tho \\"est'3rn Preci i=ii ta ti on Cor poratior;. The objoct'i ven of' 

the field and laboratory testin~ proGram on conmsrciel dust cbllectors 

have bee:i covered in a previous i.-eport by our laboratory (1). Those 
,· 

• 
studio::is e.-:-e intended to dctermJ.ne collector perforrnnnce in accordance with 

applications Suf:cested by° the manufacturer and also to investj r,a:te new 

epplicntions by means of rnino:r operatin6 or design changes. The proper 

e-.ralu&tion of these data servo as a guide to the J\tor:iic Ener 1~~· Comn1ission 

and its· contr&ct;ors in the sel':lction and a2plic£;.tion of com:norcially 

e.vailbble nust collection npparet~s. 

The· Elect:-o-polar Filte~ now under test was developsd by the 

manufacturer's rosea.rc.:h de?artme:-it a:td would. probably".be subject to design 

chane;es prior to marketing. AEC representatives, CO!ltacted by the vrester"Q. 

~recip1tation Corporu~ion ccnsidarod it advisablo to have the unit tested 

by the Air Cleanin0 Labor~tory so thut its practicability as an air clea!ler 

for lo• ..... dust load syste!Tls could be determined. Since th~ Eloctro-poh.r 

Filter is an expcrimo:-i.tnl :nodol there is little background do.tn with which. 

. 
to cor:ipare its performance. l!owover, tho unit O'Tlploys PF 105 or pt> 316 

Fiberglas modin as tho primary filtr~tion elomcnts. The3e pads have a 

basic wcir,ht colloction efficiency of approxlmntoly 70 to 80 por cent 

n~uinst ntmosphoric dust ond are sui tub le only for low .. dust concc:i~rut). 0·1s. 
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By plucin~ ·tho Ct•or pnd.:> wlthi.n n stl·onr. oloctric field, ol·::cLrostntic 

forcos nro oxpoctt)d to suc:iploriwnt tho u:.;uul filtrntion mccho~i~ms (impiction, 

intorcoption o.nd diffusion) thus i:nprovin:; tho pcrfon:innco of tho U.'1:t •. 

Dcscri:>tlon o~ Elcctro-polnr F'Hter - 1'.o<lol K 

263 

The Electro-polar Filtor consists essentially of n dielectric filt~r 

moaium of fino glass f ibcrs placed in nn electric field. Filter mediu 

01nployod ure P!." 316 mats or one to two loye.rs of Pf 105. The fibor code 

designation is that or tho Fiberglas Corporution. PF 316 is a three micron 

~inrnoter resin conted glass fiber sup~licd in l inch thick bats at a pncki~g 

density of 1 lb./ft.3. PF 105 is e. one micron ciiamotor resin coated fiber 

supplied in 1/2 inch bats at e. psckbg density of 0.6 lbs ./rt3. The elect:-ic 

field is furnishod by placint:; the fiberglas :r.at between two vertically ulicned 

metnl screens. The upstron:n screen is i'nsula.tcd and 11aintnined at a positive 

potential of 15 kilovolts; the do'vrnstream screen, l inch romoved., is grou..1:5.ed 

to the unit. Scro on constr•;ction consists of a stamped dinr..ond s'.la::_Jed 

grating with a free oree of approximately 80 percent. Totnl filtration e.ree. 

co11prises five identical screen sections (20 inch~ 60 inch) arra:"lged in a 

row and all insu1e.ted from ench other. The entire screen section (totnl 

area = 41.5 square feet) is cligned diagonally in a rectan6ulnr housinG heving 

o~erall dimensions of 2.5 x 8 x 5.5 feet. This permlts a gradual reduction 

·1n cross section of the entry plenum so that better air flow distribution 

may bo obtained. 

Tho high voltngo supply is furni~hed by a power pack with a rut~d 

output :rc.n~ine; fro:n 11 to 17 kilovolt~. Thre'.:! hundred microe.mpercs ere 

a.vnilnblo at 17 Kv. and nt currents exceeding 750 µ~ (r~sul~ing from 

shortinc or arcing) n snfoty control relny turns orr tho power. 

- • ' ••• 1 
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ihc powor pnc~ is cnclosod inn l~ x 16.x 9 inch box which occupios 

m10 corner of tha collector housinG• To red~co oxco$sivo dust loadings 

and prcvont sci·eon shortinc; by gross contnminants "Dustop" roughing filters 

(in a l>llnk of 3) v.re located at the inlot to tho collector. 

Rntod Operutin~ Conditions 

· Tho Electro-polnr FiltQr is desi~ned to opernte nt 3500 cfm ~~th n 

1 inch lnyor of PF 316, 2900 cfm withe. 1/2 inch lnyer of PF 105 and 1700 

cfm with two, 1/2 inch layers of PF 105. The manufacturor recommends 

thnt filters be replaced when pressure losses reach 2 inches of ~~tor 

e.lthoug;h fe.n capacity or exhaust require'.Tlents may modify this figure. 

Rocoffimendod screen potential is 15 Kv. Arcin~.betwoon grounded and high 

voltage screens may occur as a result of high points or sharp edges on the 

screen surfaces. The high curret'lt accompanying arcing will e.utoinstically 

activate the overload control switch and turn off the power supply. In 

so~o instances of arcing a sizable holo may be burnt in tbe filter ~nich 

llill, require patching;. 

Theory of Operation 

It is evidont that ths glass fiber media employod in the Electro-

polar Filter are reasonably good filters for atmospheric dust ~nthout 

superimpo:;ed electrost&tic effects. Preliminary tests indicate weight 

collection efficiencies ra~ging from 70 to 90 percent against atmo:;pheric 

dust at n filtration velocity bf 85 fpm (PF 316 modia). Previous tests (1) 

havo also sho-.·m that similar fiborgles media (PF 105 and ?F. 314) oporo.te 

in tho sa:ne ionoral effici.ency nmge. 

Electrostbtic cho.q:;o rncnsuro:.ion:.s upon PF' 105 modia havo indicatod 

potontiuls of 700 volts rcsultinG fro~n hnndlins alono. Ilie;h static cho.r0cs 
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may bo producod th1 .:>u~~h ccirdinr; :i-s illm1trnto4 by tho rosin-wool filter (2). 

This informntion indicntos thnt clcctrostuiic so~orntin& forcos como into 

plny in fibor colloctors regurdloss of cxtcrnolly uppliod oloctricnl fields 

and in addition to usunl colloctin~ mochunisrns {impaction, intorcoption 

o.nd diffusion). 

By intensifyini; tho eloctrostatic offocts throur;h placin~ tho fibeq;las 

:nedin within an eloctrico.l field tho mnnufacturor has ·sought to imi)rove 

tho overall dust removal charucterist)cs. 

The presence of dielectric fibers within an electrical fiold produces 

divergencios in field intensity such thut the regions of hichest field 

strength are conccn~rntod about the fibers. Dust particles, which become 

polarized by passinc through the electricnl field, migrate towo.rd the 

regio=1S or highest field int.ensity. It should bo notod that ~he pnrticle 

:notion is a.lwnys toward the Z0!1u of higher field strength regardless of 

field direction. Hi~hor dust concentrations in the immedia~e vicinity of 

the fibers cs.use increased agglomerntion and enhance the probability of 

capture by inertial mechanisms. 

Althou~h mathorr:atic&l forr.1Ulas have boon presented by Pohl (~) to 

quantitato the precipitation or solids from liquids in a hiEhly divergent 

field, no si:nple relatior.ships can. be advanced at the present time to dcnl 

with particulate deposition in fiber beds·. Pohl describos a system con-

sisting of a single, positively charged .central electrode o.nd n concentric 

cylindricnl negativo electrode, used to precipitate a g;re.phite-tolu0no sol. 

In this ca~e, it is possible to cvuluato tho field stron&th at any point 

as n function or tho potentinl Gradient and the olectrodo dlmcnsions. 

~quntinc ViECOUS forcos to oloctrostatic forces permits esti~~tion or 
I 

partlclo mi~ration volocitios • 

... , ·. 

.............. _.,, ... __ , ...... ------------· 
' ' 
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•In a gcncr~l nquutio11 miurntion voloc.it:1 (v) r.:iy bo exprossod r.u:; a 
t 

funct5o:i. or tiic dif'f'.:·ron .. co bc~w·eon the • .H13lectric constnnt of tho fluid nnd 

ptlrtic:1late co:~1pn1111\;s (k1 - k2 ). port3ch3 rndius (a), fluid viscosity 9). 
absolute v\iluc ':.'Jf the fioU. strcnc;th (E) and its divori;enco {JE~r)• 

v = (k1 - k2) a
2 ~ (i ff l (I) 

Since no data nre nvailnblo to define fiold divur~encies in randomly 

oriented fiber b9ds, varyin~ in s~rrace chnracteristics a~d having non-

u~iforo resinous coatings, the ebove eou~tion hes only n qualitativo signifi-

ca~ce as far ns the Electro-poler Filter is concerned. It should be notod 

also that in deoline; with e. dyna::iic syste11 it wo·uld be necessary to co:.ibine 

vectorinlly the inertial and ele6trostatic forces. In practical application, 

Equation I su~gests that inc~eased particle size end field potential should 
" 

i:nprove the collection efficiency of .the Electro-polar Filter. For particle 

c~ametersiP5 riicrons, however, electrosl;atic forces a.re insignificant in 

comparison with the inertial effacts. Similarly• it nppe'ars that vnriation 

in filtrstion velocity would effect collection efficiepcy only through 
. I 

inertial or diffusional mechanisms. 

To st Procedure 

!nl9t e.nd outlet at::iosphor ic dust loacii.nss v1ere. deterr.Uned .gra.vi'r.iotricu lly 

witb hiih volume sa~plors and pleated filters (4). Sta.in efficiency measure-

'1ents wer-:: made with e. i'ilm badr,e densitor:i~ter on W"nat:r:on Ho. 41 filter discs 

e.nd count efficiencies were dctcr'ilined with a Bausch o.nd Lomb dust counter. 

Copper sulfa.to loadin0s wcro sa:np1r.:d ~·:ith AC electrostatic prccipitntors 

nnd th~ co~centrntions detcrMinod by chemico.l enolysis. The method of 

. .. . 
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f;0!1cro.tin.:; copp<Jr sulfnto :::icro:;pho:·:;Js nnJ cor.iploto aotnilc on o.11 :;n:::pli~& 
. . . . 

mothods hovo bocn doscribed in previous HYO reports (1, 5). 

Tost Rosul ts 

Proliminory tosts on the Eloctro-polor Fil tcr wore dcsign')d to c!et.:ir:"lbo 

if the use of £irl eloctr icnl fiold sir;nificnntly improved the basic pcrfor:nnncc 

of th9 Pr Jl6 fiber media.. As shoYm in Table 1, tests 1 and 3 with ntr.iospheric 

dust nnd tests 5, 6, 8 and 9 with copper sulfate indi~ato averaGe efficie~cy 

increasos of 15 and 11 percent, respectivel~~1en rated scr~cn voltage (15 Kv) 

was applied. Filter plug~in;:;, hov!ever, illustrated by slightly hit;hcr 

pressure losses in tests 2 and 7, indicntos n cradual improvement in basic 

fibor efficiency. Table Ip compares overall collection efficiency as 

obtainod by simultaneous vreit;ht, stain and count methods for operations at 

no volte.go and 15 Kv • 

. A breakdown of weight collect.ion efficiency appears in Table I since 

the "Dustop" per!'oru.o.nce is not governed by the electrical field. Ove:-e.11 

unit efficiency. therefore, shows n smaller increase (approxi-;inte:y 8 

percent) with application· of screen voltage. At lower screen vcltat;es 

(11 Kv) n very slight docroase in efficimic~· was observed for copper si.;lfat.o 

· (test 10). 

Filtration velocities rnncir.g from 36 to 85 fpm £ind scrcon voltages 

varying fro~a 11 to 18 Kv shovrncl no sii:;nificunt efficiency che.n[;CS vlith 

e.tmospheric dust (THble II) according to ste.in F.10usure'.1"1ents. However• it 

is expected th&t addition&l tests.with a copper sulfoto aerosol will pcr~it 

bottcr corro lntion cf these v£irie.bles. Cho.n~e s in co~ccntrc. tic·n P.~d particle 

size distribution of atrao:.phcric dust were portly responsible for ir.cc:;,siste::ciei:; 

in the co.to. 

·-----------· 
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Hu:nid nir also wns obscrvoc to roduc;c coll.octior. o.fficioncy c~Hhcuc;h tho 

mens i..;rc:nont s wcro CJ uc.l i tH t.: vo. 

In orJor to oliminnto tho effect cf cho!i~in& bod charnctcristics rluo 

to rotcr.tion of' copr;or sulfate, tests 5, 6, 8, 9 n:ld 10 wero run with c..lt<.:rnr.te 

screen secti'ons bloci:od off. A:r flow wr.n reduced rro?ortionntely to ::lllintl'.'in 

CO!iStnnt velocity (85 fpm) thrc'L:gh tho PF 316 medin. Sinco the Dustop filter 

e.ren wns not chnn[;od, the velocity throur;h this section. of tho unit vnrieci 

with totnl air flow (Table I). Weight collection efficiencies fer Dustcp 

filters were a direct function of velocity indicatinr that inortinl sepnr&tion 

vres tho primary collecting mechanism. 

Discussion of Tests 

Test data indicate that the use of an electr5cal field increases 

the overoll weight collection efficiency oT the Electro-polar ·Fil tor by 

about 8 percent with atmospheric dust and copper sulfate microsphercs. 

It appears that the overall aci.vantnt;e of the electrical field will decree.se 

with fi.lter ·usage since the efficiency of fiber beds increases ;·;ith plug­

ging. Preliminary tests indicate this trend even thQugh pressure losses 

are still below tho rated value of 2 inches of water. 

N.o de.ta has yet been obtained for PF 105 media vrhich, becc.use of its 

small diameter (1 micron), should be a more effective filter. 

Final co:nrr.ent r6garding th~ utility of the Electro-poler Filter &s a 

hibh efficiency cleaner for low dust concentrations is withheld pondins 

completion of test~. 

,• 

' 
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TABLE I 

Effect of Sere.en Voltage on Collection Efficiency of Electro-Pol&r :'il";er 
with Rated Velocity (85 fpn) through PF 316 Hedie. 

Test Inlet Loadine; 
Greins/1000 ft. 3 

Screen 
Voltege 

Kv 

Pressure Loss Filtration ''/~~u'r.• -C '1~ ·~o~ 1.., - t... • ...,, 0... -C . .,, ~ .j, 

PF 316 Media 7elocity 3ffi cier~cy % 
Inches ~~ter through Dustop F? 3le Overell. 

Dustop f pm 
~~~~~--~~~~~~~~~~~~-~~~~~~~~- -~~ 

a. Atr.osphor~c Dust* 

1 
2 
3 
4: 

b. 

5 
6 
7 
6 
9 

10 

0.118 
0.036 
0.179 
0.097 

0 
0 

15 
. 15 

Copper Sulfate MicrosphcreSt!<"' 

0.306 
0.281 
0. 206 
0.216 
0.185 
C.187 

0 
0 
0 

15 
15 
11 ' 

. 1. 07 
1.16 
1.07 
1.13 

1.24 
1.24 
1.27 
1.22 
1.26 
1.30 

420 
420 
4:20· 
420 

168 
168 
420 
252 
252 
252 

52 
52 
52 

30.7 
17 .o 
4:6.0 
3~.8 

3~.8 

34.e 

"' }f.£1ss ll:edian = 1.0 microns, Geometric Ste.nee.rd Deviation 1.6. 
•lfr ~foss Y.edinn == 1.2 microns, Gcor.iotric Stnndnrd Devintion 1. 7. 

32.5 
87.6 
97.0 

85.5 
87.3 
90. l 
97. 5 
97.6 
95.7 

91.6 
94.0 
9e.s 
95.2 

90. 2 
89.5 
9~.6 

93.3 
98.4 
97.2 

~ ... r . ...... ....... 
I 

-ti 
0 

ro 
C\ 
\0 
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TABLE II 

Effoct of VoltuGo und Volocity Variations on Stnin Efficiency Tests 
with Atmospheric Dust 

Test 

11 
4 

12 

11 
13 
14 

Inlot Lending Screen Fil troti on Ov£>r11ll Stain 
Groins/1000 ft.3 Vol tago Velocity Efficioncy 

Kv f pm % 

0.087 11 85 98 
0.098 1 fl 85 95 
o·.125 18 85 98 

0.087 11 85 98 
0.123 11 61 98 
0.208 11 36 98 

TABL3 III 

Effect of Sc:-een Voltni:;e on Simultaneous 1.Yoight, Stain and 
Count Efficiencies for At~ospheric Dust at Rated Capacity 

(3500 cfm) 

.. Test Screen Vol~age Overall C ollec-c ion Efficiency 

l 
3 

Kv 

.0 
15 

/ 

Weir;ht 

92 
98 

SlW.:t.ARY 

o1 
/0 

Ste.in Count 

so 51 
95 80 

Results of preliminary performo.nce to.sts are presented for the Electra-

polar Filter, e. dust colloctor developed by tho Wostorn Procip:itation 

Corporation for hich officioncy romovol of particulotos. Separation is 

achiovod throuch a co:nbino.tion of the mcch&nicc1l filtru.tion. proportios cf 

I'F 316 or PF 105 fibciq;las and. oloctrocto.tic offoct::; procucod by locetin~ 

•I ' 

. . 
' 
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tho fibers w.l thin i::n cloctricC1l field (cr~r.tod ~y two r.wLu l tcr·"'ous, ono 

mf1intnincci ct 15 Kv role:1tid o:id tho othor rrou!1doc). Theory of operation 

is bosod upon migr~tion of polnriz~d dust pnrticlcs to the rocion~ of hich . 

field intensity surrounding tho gloss fibers. 

Test results on clcnn fibers indicate that application of retcd screen 

volto.be (15 Kv) incrouscs overall collection efficiency of ntmOSIJhoric dust 

~nd copper sulfate microsphcres by nbout 8 percent. Filter plugging, however, 

results in highar baso efficiency for the fiber which tends tc lessen tho 

advnntnr.e or the electrical field. 

Current tosts include n study of the effoct of voltage and velocity 

Yeriations on collection efficiency. Final evaluation of collector utility 

is withhold penciing analysis of all test data • 

. . • 
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PRELIMINARY REPORT 
on 

COTTON AEROSOL FILTBR STUDIBS 

by 

Riohnrd D. Colomnn 
Soni or A::isista.nt Snni tury Enc;inoor 

U. S. Public Hoa.1th Sorvico 
on ns::;ir;nmont to 

Hnrvnrd Uni vori:; ity 
Air Clcnnin~ Laborntory 

I. Introduction 

Tho discharc;o of sovoral materials to tho ntmosphoro can crocto public 

health probloms. Consequently, the· furthor davoloptnont of nntisfactory lc\7 

OOSt air cloaning dovicoD may plny n pa.rt in hoalth protection by oncournging 

tho uso and installation of air cleaning facilitios. The UGe of cotton fibers 

~s filtor modin has prospoctu for economy becuuso cotton hns n relutivoly lo~ 

initial cost, h~s lorr ash (less than 0.1% (l))'ror ooono:m.ical disposal nnd ic 
• 

readily availablo. 

During tho past yoar, studios havo beon conducted at tho Harvard University 

Air Clouning L~boratory on the filtrution characteristics of various cotton 

:fibors for &.tmo:.phoric dusts. Four no.turnl fiberi:: a.nd tno ion exchC\llge ooatinf;G 

In conjunction with the basic cotton work o. paro.llol study -mi.s conductod 

on the 'co'rrelo.tion or wai.eht, sto.in, nnd count efficiencies for c.tmosphoric 

dust. If an empirical relo.tionship cun be dovolopod using o.tmosphoric loudin~s, 

Conr;idorublo tiJUO Call bo oaved in obtoining nn indo;;;: of Count and \·•oight offi-

cioncios from n simplo £to.in tcchniquo. 

In an uttompt to roduco tho woight efficioncy vurintion cau&od by n fow 

largo pnrtioloz o profiltor wuG used. Thie introducod n third phase of tho 

272 
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:itudy vohich "ho..d ns it11 ~oo.l tho .ovnluo.tion of ·tho profiltor o.s o. mon.nn of obto.in-

in& o. rolutivoly oonsistont noro~ol for filtor rntint• 

II. Egui p~.tont 

Figurv 1 in 0. Gchou~tic dingro.m or tho tost sotup. Tho protiltor had 0. 

fnco aroo. of 0.143 squuro foet nnd consisted of 10 lnyora of Uotox mist 

oliminator scroon coatod with SAE 30 motor oil. 

'l.'ho no.ppod cloth wus used to interlo.co with the test modiu;n to roinimiz.o 

Fibor Description 

·A ootto~ fibor ho.s boen described ns nn epidorwAl cell of the sood. It 

conc;ists of e.n outer wall. secondo.ry wall and n lumen. With growth, tho 

secondary wall thicknoss increo.sos until the lumon is neo.rly closed. With tho 

drying thi:;.t occurs af'tor picking, tho lumen collapses and for mo.ture fibers o. 

• 
kidney or olliptical sh;:;.pe is attained. In immature fibors the :>econdo.ry wall 

is thin a.nd upon coll~pso of the l"UJnen the fiber attains a twisted ribbon or 

U-sho.po. Jt.atth~ws (2) indico.tos the..t wall 1'.hickness mo.y vary from 0.35 to 15 µ 

~nd ribbon n~dths from 11 to 20 µ. 

The fibors tostod in this sories here sizod by Ro~suno (3). The mean 

diamotorn presontod in Tnble I are tho geom0trio meo.ns of singlo tr"nsvorse 

u~o.~uremonts or ovor 200 fibers for each grado. 

Tho Lockett srunplo containod about 93% mature fibers a.nd the Memphis 

immuturo ~bout 38% mature fibors. 

Tho ion oxchnngo troatments which h~ro tostod hnd been appliod to S x P 

fibers by tho U. S. Dopurtmont of J.griculture. Tho roi:iin troo.tmont Hru:; 

irnproi:;nntion by Ro5iloom HP, o.n unmothyl£\tod oothylolr..olo.mino rosin v.-hich has 

.found uso in ion oxcho.nc;o column&. Tho aminlz:od cotton had boon troo.tod vri th 

, . ··-. ,. ..... ,. 



2-t1.mino(1thyl1mlfuric t...::i d o.nd sodiu1!1 hydrox:,ido. Amlnizod cotton he.6 o.nion 

oxch~nb0 proportios nnd tho trontmont fncilitQtos tho uso of ncid dyes. 

Tost Procodurc 

A. Bod Prepnration 

The fibers testod hod been furnishod by tho U. S. DopW"tmont of 

A~riculture. Bureuu of Agriculturul e.nd Industrinl Chom:i.atry, Now Orlouns, 

Louisinna. Thoy were received as cnrd slivers nnd diffioµlty was e:xperionced 

in obtcinin~ reprocucnbility. The fibors wero carded ngnin and taken off as 

ca.rd '"'"b which wn.s folded into boxes for storai;o. Compaction in storage mndo 

most of the individual layors of the wob indistinguishable. The l~yors "~re 

sopa.rn.ted by hnnd s.s v.-ell r.s possible nnd cut into six inch squ::i.res. Tho 

'f>'Elight necessary to give n pnoking density of 2 lbs. per cubic foot (porosity 

0.98) vro.s computed (cotton spoc~fic grnvity 1.59). Depending upon. the typo of 

fiber c..nd tho dogroe of' compo.ction, five to ten layers W.;)re required por inch 

of finnl pad. These la.yors woro loosely placed in the plnstic box and comp;ossed 

to tho desirod bed depth by insertion of' the inside section. With this ~ochniquo 

packing densitios could be satisfactorily reproduced. 

B. Operation of Test Apparatus 

The combined operation of tho upstreum and downstream high volun:o 

snmplors brought room nir into the plenum throut;h the prefiltor at 50 cf'm 

(fnco volocity of 350 fpm). One-half' of thi~ flow wont to tho upstron~ high 

volu1r.o sampler and the othor half went through tho test section to the do-;mstrer.:n 

high volumo sampler. 

Stnirnmnd discs wore us<•d as orifice motors to dotormino tho rospoctivo 

flow rutes. Tho 25 cfm rnto through tho tost aoction gnve a. fnco velocity at 

tho to~t pnd of 100 fpm. Continuoun opor&tion of from 48 to 80 ho~rs on Boston 
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g.ir wnG roquirod to produco sic;nificnnt ipcrous1:1 i.1 tho woic;ht of the dowrrntroc1m 

snmplinc; filtors. 

C. Samplini; 

Sa.lllplos v.-oro tnkon nt throo points: -1. Room air (upstroo.m of 

profiltor), 2. Upstroo.m (downstroo.:n of profilter, upstrcum of cotton pnd), 3. 

D.o\..-n&troam (dowustronm of ootton.pa.d). 

Wair;ht londing was determin0d nt those throe points by dotormining tho not 

• vroir;ht incroaso or typo S plouted filters. Tho room nir sample ~~s colloctod at 

full flo;7 of' tho high volumo so.mplor which vo.riod from 70 cfm to ~O cfm. Both 

.upstream c.nd dovmi:;trenm s ronple s were tukon a.t 25 cfm with the vntire vol umo 

:passin:; through tho test pad collected for tho P.ownstream sample. 

After from 10 to 20 hours pf oporntion, and ngain 24 to 48 hours lo.tor, 

me:nbrcmo filter saii1plos w0re to.ken nt o. 7 cfra for count loading and stain 

efficioncy detorminntions. The roor.a. air membrane filto1· sareple was t&.ken near 

the proi'iltor and the upstreo.ru and do·.mstrevm samples were takon through probes . 
in tho test soction. These snmplos ~~re taken for 45 to 120 minutes. dopcndinb 

on the rate of stain buildup. At intervals of 15 to 20 minutes tho stain 

donGity of ench membrane filter ~~s determined by uso'of a. Photovolt, Model 200A 

tranumission donsito~oter. 

A blank for zeroing the densi tomoter on ea.ch membrane filter was obt&inod 

by bucking each filter vdth i'/hntman f/l paper to whieh a 5/8 11 circle of cellophc.r.le 

tal'o r.n.s attuchod. With this bucking, the stain was deposited in e.n annular 

pat torn and t},o cont or portion of the filter rerr.uinod clonn. 

D. }.nnlysis 

Tho st~in rontlings ~~ro plotted n~uinct timo for ea.ch filtor and 

tho timo to roo.ch n conntunt sto.in wn s dotorminod from on ch curvo. Tho stuin 

<;fficionci<JB woro thon dotorminod fro;;1 tho rolntionr;hip 

r,· ... - ... 
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% Efficioncy = (-·ti l · 
. \ t2·t_ 100 

Tho mombrnno .filter stnins wore thon countod nnd sized microBcopicnlly 

undor oi.l irnmorsion (90X objoctivo nnd 25X oyepioco) to dotormino tho count 

loading nnd sizo distribution at each snmplin~ point. Totnl officioncy,by 

count, nnd sizo fraction efficiencies wore doterminod from those loading6. 

Tost Results 

Analysis of the date. hns not boen completed, but a. summary of ;;oight, stnin 

and count officioncies is prosonted in Tnble I for the various fibers tested. 

These officioncies are tabulated in order of decreasing ~~ight officioncy. 

The prossuro drops listod in Table I are tho final drops observed in the 

rospeotivo tests. These values represent no appreciable increase over the 

drop in the clean beds for the shorter operating periods (48 to 60 ho~rs). 

For res in treatod S X P and Memphis Immature beds there wore 7 and 11 percent 

TABLE I 

Efficiencies or 211 Pads· of Various Cotton Fibers on Atmosphoric Dust 
'Pa.eking Density 2:///ft3 

Cotton 1loan Fibor 
Dia.motor 

µ. 

?':o:nphi s 10.0 
lrn!:lnturo -----
J .. minized io.o 
s x p 

Untreated 9.4 
s :x p 

Ro3in Trec.tod 10.3 
s x p 

l,ochitt 110 13.4 

!qui to3 15.5 

Face Velocity 100 fpm 

Woight Sta.in 
E.f'ficioncy Efficio::i.cy 

% % 

82.5 78.S 

80.5 

77 72.7 

1~.s 72.5 

71.3 46 

67 46 
---------

" . 

Cotmt 
Efficioncy 

% 
63.5 

57 

58.5 

61 

39 

M1 .. · " •''I.' 

. • 

Pressure Loss 

Inches of Wa.te:-

·s.a 

3.0 

4.0 

3.6 

2.1 

1.6 
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To dato. tho. only v_rinblo~ studied huvo. boon type of fibor nnd bod dopth. 

Furthor :itudios l\ro plnnuod to tust tho fibor nt· difforont pnckine; donsitioc 

and fnco volocitio&. It is plnnnod to dolny further cotton ntudiqs until tho 

prosont do.ta on rolntionships of woight-ntnin and count-:.to.in officioncies nro 

moro complotely nnnlyzod nnd tho valuo of tho profiltor i& ostnblishod. Using 

tho proGont techniquos, nbout 5 days nro roquirod for each run in order to collect 

r.-oii;.ho.blo ::runples and count o.nd si::o the 6 moleoulnr filtort>. From o. prolimino.ry 

inspection of tho 'wight-stain rola.tionship it e.ppeura that empirionl rolntion-

ships nrlght be dorivod ~hich will roduco the time from days to hours for each run. 

If theso relationships do not provo reliublo, n synthetic test aerosol ~~11 

be g~no~ated nnd the cotton tests continuod. Future studios will ovalunta tho 

effects of various pnoking donsities nnd various r~co velocitioc. 

Prcfi 1 tr a ti o::l 

Partial analysi~ of the data indicates that the profilter causes little 

chango in ao~osol composition. The nvorago si~e fraction efficioncios of tho 

profiltor ~~ro dotermineu fro~ the dntn of 28 runs. The avarnge cloud com-

position for roo~ nir ...-as dotorminod from the snmo do.ta.. This average 

oc-.npocition >;c.s plotted on lognrithraio probo.bility papor a.nd, using; the avore.ce 

&izo fr~ctio~ efficiencies. a second cloud n~s synthosized ~hich roprescntod a 

cloud lonvin~ a profiltor of nv~rngo performance. Tho lino reprosonting this 

coooad cloud on lo~arithmia probnbility pnpor ~-as almout Guporimpocod on tho 

ini'.;is;,.l lino. Thin nppron.ch clonrly sho\·1s tho.t pro:.wnt sizing tochniquos o.ro 

in&onoitivo to nny chungoi:> i:.1ado in tho 'aoroi:;ol co;npo::;ition by this typo or 

pro.filtor. 

It i:; folt thnt tho rna.jor bonofit to bo dol'i vod from tho protiltor is in 

tho ror:lov~l of lo.rr;o pc.rtiolos -r1hich l!il"l.Y diztort ony orapiricnlly dotor1Ainod 

rolo.tionzhip botwoon i;tnin v.nd vroir;hl; efficioncion. 

.. . 
.. , .. __ ., __ '"_"'""''"--------..... -- ···-·····-
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INCINERATION OF COMBUSTIBLE WASTES 
USING TANGENTIAL OVERF:IRE AIR 

By 
, 1 I Z/ 

L. A. Spano- and R. C. Corcy-

U. S. Buronu of Minoa 

INTRODUCTION 

At the request of the U. S. Atomic Energy Commission, 

the Bu1·eau of Mines initiated a systematic investigation of incineration. 

The ultimate purpose of this investigation was to design a packaged 

incinerator for disposal of radioactive combustible wastes incidental 

to operations at off-site research laboratories. 

The prime requisites of any incinerator are: (1) maximum 

combustion efficiency, so that smoke, far. and malodorous constituents 

are not discharged to the atmosphere; (2) maximum retention of particuiate 
• 

matter within the combustion chamber to obtain the lowest possible 
" 

dust-loading in the stack gases; (3) maximum reduction of charge volume, 

so that the least amount qf residue must be handled. 

Knowledge of the complex hcat-and-1na s s transfer processes 

which control combustion in solid-fuel-fired furnaces, is meager. Con-

sequently, de sign of efficient combustion chambers is gene rally empirical, 

particularly in the field of incineration. ·No sound cnginecripg data have 

yet been published relating such factors as temperature, gas residence 

· or contact time, and turbulence to the burning procc s s of solid fuels . 

. :Y 

2/ 

Chemical Engineer, Co1nbustion Research Section, Bituminous Coal 
Utilization and Preparation Branch, U. S •. Bureau of Mines, 
Pittsburgh, Pa. ' 

Chief, Bituminous Coal Utilization and Preparation Branch, U. S. 
Bureau of. Mines, Pittsburgh, Pa. 
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_port:>,· 180_ ,d~-grccs apaq, located al difforcnl levels of the drum. Figure 1 

. --
.is ·a sch~.i11atic diagram of the model incinerator. 

The principal objective of the model studies was to establish 

the relationship of the various process parameters to the burning pcrfor-

rnancc of the incinerator. The variables studied were: (1) air rate, (2) 

port ar~a, and (3} height of ports above the grate, All tests were made 

.with sawdust whose proximate analysis on the as-fired.basis was 

- nominally 8 percent moisture, 74 percent volatile matter, 17. 5 percent 

fixed carbon, and O. 5 percent ash, The gross heating value of the sawdust 

.was approximately 8200 Btu per pound • 
• 

The unit was charged at the beginning of each test with 10 

pounds of sawdust, ignited, and operated at various predetermined con-

ditions. Each test was considered completed when the last embers were 

seen to burn out. 

The principal observations in each test were: {a} the time 

requirC'd to burn the charge completely; (b) the composition and the tem-

perature of the stack gases, and (c} the relative quantity of smoke and 
• 

tar in the products of combustion. 

Four quantities were used to characterize the performance of 

the unit: (a} the observed burning rate, that is, the pounds of charge 

consun1ed per hour, as denoted by the elap-scd time between ignition and 

complete burn out; (b} the calculated burning rate, deri vcd from the mass 

air flow rate and the composition o.f both the cha:r.ge and the stack gases; 

(c) the combustion efficiency which is the ratio of the calculated to the 

observed burning rate; (d) the rclati:ve smoke content of the stack gases. 

I 

... .. ·:·: ...... · -
·-r. 

' • ~ ~ V .. W I . ' -
'· 
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In designing the incinera.tor for dispot>al of radioactive wastes 

several factors, such as handling the residue and the design of the gas-

cleaning system had to be considered. However, the most urgent need 

was to achieve high combustion efficiency and maximum retention of 

particulate matter, consistent with a reasonable burning capacity. 

Generally~ incinerators are required to perform satisfactorily 

over a wide range of operating conditions, For example, the refuse charged 

generally consists of different kinds and proportions of solids and semi­

solid \vastes whose heat of combustion and burning characteristics vary 

widely. Moreover, when charged randomly, as it is normally done, the 

flow rate. and distribution of air through and above the burning charge 

vary radically. Observations of various types and sizes of incinerators 

have clearly indicated that unsatisfactory performance is largely the 

result of inade(}_uate control of the quantity and distribution of undergrate 

and overfire air. 

The investigation comprised three phases: ( l} Disposal of 

ash residues by fluxing them in molten Na(OH}. This has been completed 

and reported upon. (2) Evaluation of the process parameters with a 

mo~cl incinerator. (3) Design and evaluation of the performance of a 

prototype unit. based on the results obtained with the model incinerator. 

The objective of this paper is to discuss the operation and 

perfo;:n1~.ncc of the prototype incinerator. 

MODEL INCINERATOR STUDIES 

Before discussing the results obtained with the prototype 

unit, it is necessary to review briefly the studies made with the model 

incinerator. 

The model incinerator consisted of a 55-gallon steel drum 

with a small axial stack at the top of the drum and four pairs of tangential 

"""""""""""'"'·-·--·---.. -.. ·-·-----···--··-···'·" 
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Tangential 
air ports 

P~.-4'/I' 

-~ 

Figuro l. Schomatic dingra..'n of modol ~ncinorator • 
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Thermocouple 

Tangential 
air ports 

Figuro 1. Schorr~tic diagram of modol incinerator. 
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RESULTS AND DISCUSSION .OF RESULTS 

Correlation of the results showed that the obserycd burning 

rate increased alnwst linearly wit'h the air rate, and for a given air 

rate, the burning rate also increased as the port area was decreased. 

Figure 2 shows the observed burning rate as a function of air rate and 

port area. Since.the observed burning rate is based on the time required 

to consume the wdgl}cd charge, it docs not show the amount of combustibles 

in the stack ga sc s. The theoretical burning rate, shown as a broken line, 

is the rate at which the sawdust would burn completely to COz and water 

vapor for a given air rate, if no excess air were necessary, and serves 

as a guide in comparing the burning rates achieved. When combustion 

is complete, the. burning rates lie on or below this line, and the di stance 

·,below it is a r.clative measure of the excesf? air. It is possible, however, 

to have unburned combustibles in tbe presence of excess air. Although 

the data failed to show a marked effect of the port height, it will be shown 

later that this variable does have a small effect on ~he performance of 

the prototype unit. In general, higher combustion efficiencies were 

attained when using the uppermost ports. 

The results shown inf igure 2 suggested that the burning rates 

coul,d be correlated with a dimensionless parameter characterizing the 

flow conditions in the tangential ports. Accordingly. the results were 

plotted as a function of the Reynolds number of the. air in the tangential 

ports. The effect of Reynolds number on both the observed and ~alculatcd 

burninr; rate is shown in figure 3. 
. .. . . . 

Since the obsc rvcd burning rate rep re scnts all of the fuel that 

is consumed, and the calculated burning rate only the portion that burno 

I. ..!· 
' w . 

. ' 

--·-··'·"----·---·-----------' ··,-··-··---·-------------' 
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Note: Zero radius is axis of incinerator, circled numcrc:ils are the 
height of the probe above the fuel bed in inches. 
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to COz and ·w;..itcr~ th1..! sprca~ bctwccr-i thcGc turvcs is related to the amount 

o! combustible rnatcrial in the stack gases. The least spread between 

tht! two curves was found at a Reynolds .number of approximately 15, 000. 

This is shown more clearly in figure 4 .. 

The burning conditions in the combustion chamber can be 

c;haracterized by the composition of the hot gases sweeping the surface 

of the burning charge. Figure 5 'shows the composition of the gases at 

different elevations inside the chamber for a fixed air rate of 117 ?Ounds 

per hour but for two different Reynolds numbers, 19, 400 and 28, 840. 

It is evident from these data that at the lower Reynolds number 

excess oxygen was present throughout the chamber, but at the higher 

Reynolds number the oxygen disappeared at a radius of approximately 

4 inches, ancl CO was formed. Figure 6 shows three stages of the actual 

burninrr conditions in the chamber for a fixed mass flow rate of 115 
0 ' 

pounds per hour but at three different linear velocities 'in the por'ts. 

These flow conditions correspond to Reynolds numbers of 56, 700, 

23, 500, and 19, 400. The angular path of the incandescent particles is 

clearly evident from these photographs. Comparing the final stage of 

burning at 35 and 130 feet per second, it will be noted that the average 

radius of the path of the particles is greater at the higher velocity, 

which, of coun;e, is to be expected. 

In figure 7, the operating conditions for a Reynolds number 

of 19, 400 are given. Special attention is c.alled to the smoke data at 

the top of the figure. The gray circles are reproductions of the smoke 

discs, which were taken at the time indicated on the abscis!'la. Their 

densities agree quite well with the corresponding photometer results • 

... · .... ,_ ..... •:. . . . '• -
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In figure 8, th~ results arc giv
0

cn for" a Reynolds number o{ 

29, 000. The discs for this test were generally darker than for the teat at 

the lower Reynolds number. 

PROTOTYPE INCINERATOR 

On the basis of thooo results a prototype unit approximately 

five times as large as the model was designed. It consists of a cylindrical 

combustion chamber with an axial stack at the top and a conical ash hopper 

flanged to the base of the combustion chamber. Figure 9 shows a 

schematic diagram of the incinerator and, the ash-fluxing pot-furnace 

when assernbled for operation. Air to the incinerator is admitted 

through three pairs of rectangular tangential ports, .180 degrees apart, 

located at three different levels of the chamber •. The ports are valved and 

connected to a manifold so that any pair or combination of pairs can be 

used. The area of each port can be varied by means of retractable inserts 

located in the rectangular section of the ports. The grate con.Si sts of 

two semicircular, cast iron plates hinged in the center, and counter-

balanced for case of manipulation. Two quick-closing doors, one for 

overhead charging and one for side-charging, were installed for use during 

the investigation. However, the final unit will be provided with a charge-

bin sealed by a r;uillotinc-type door; similar to the Los Alamos unit. 

Figu're .10 is a photograph of the prototype incinerator. 

An auxiliary gas burner, with safety interlock devices, is 

used to ignite the- ch'.'lrge. 

The total cost of this unit including installation was approximately 

$10, 000. A commercial model of similar size could be constructed for 

somewhat lcuo by eliminating auxiliary test equipment, which is not 

required for i;atisfoctory corn1nc rcial operation • 

. . . . . . 
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~XPE~IMENTNL CONDITIONS 

The unit is charged batchwisc with 100 pounds of sawdust 

packag~d in cylindrical cardboard containc'rs. Fifteen cartons comprise 

a charge for each test .. To ignite the charge the gas burner is turned on 

for:. one and one-half minutes and then turned off for the remainder of the 

test. Each test is considered completed when the last embers are seen 

to burn out. The burning conditions in the chamber were noted through 
I . . 

an observation port located at the top of the chamber. 

Several tests were made at a;ir rates ranging from 500 to 

1000 pounds per hour, using each pair of ports at the different elevations 

of the chamber, and various tangential port areas. In addition, some 

preliminary tests were made with sawdust containing as much as 40 

percent moisture. 

DISCUSSION OF RESULTS 

Since the factors that were varied with the prototy.Pe were 

the same as those for the model incinerator, similar parameters were 

used to correlate the results. Figure 11 shows the relationship between . 
the observed burning rate and air rate for three different port areas. 

The ports were located 66 inches above the grate in each case. These 

data show that the observed burning rate increases with air rate. How-
• 

eve.
0

r, varying the port area at a fixed air ra.te had little effect. In the 
.. 

model unit the port area had a much more pronounced effect upon the burning 

rate. 
/ 

Similar trends were found with ports located at 53 and 40 

inches above the grate, 

:-.· ... 

. ; 

'• . " "' • .,, ......... , 4 .. 



This diffc renc c between the .modcl.a~d the prototype suggc sts 

that the gas-!low pattern established in the larger' unit depends largely 

on the total quantity of air used, and only to a n1inor extent on the linear 

velocity of the air in the ports. These results arc in marked qmtrast 

with those from the model studies, in which port area had a pronounced 

effect upon incinerator performance. One possible explanation for this 

inconsistency may be the differences in geometric relationships between 

the diameter of both the ports and incinerator, which would affect the 
I 

ti·andcr of linear momentum of the air in the ports to angular momentum 

in the chamber. That is, the expansion losses are greater in the proto-

type u,nit than they are in the model. 

The effect o! varying the port height on the burning performance 

o! the prototype incinerator is shown in figure 12. H is significant to 

note that both the observed and calculated burning rates decreased when 

the port hei.;ht was decreased. Moreover, a lower combustion efficiency 

was achieved when the ports closest to the fuel bed were used. This 

is better illustrated in figure 13, which is a plot of the ratio of the cal-

culated to the observed burning rate as a function of air rate. It is 

evident from. the s.e results that higher capacities, as well as higher com-

bustion efficiencies, are attainable when all the air is admitted through 

tke uppermost ports. 

Since occasionally wet charges are incinerated,. son1e pre-

liminary tests were made using sawdust containing up to 40 percent 

moisture. No difficulties were encountered in burning the wet charge, 

except that it was necessary to operate the gas burner somewhat longer 

'• 
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to attain satisfactory ig1.1ition. Table 1 'shows· the rcsultG o! two tc sts 

using sa~dust with 7. 8 and 40. 3 percent moisture. Comparing the data 

within the heavy boundary lines, it is seen that both the observed and the 

calcµlated burning rates do not vary appreciably. Howev~r, when the 

calculated rates arc computed on the moisture -and-ash free basis, 

the charge containing 40. 3 percent moisture showed a 25 percent decrease. 

It is significant to note that no auxiliary burner was used during the 

tests other than to ignite the charges at the beginning of each test. 

CONCLUSIONS 

Although a great deal remains yet to be done, the results 

obtained with the prototype are sufficiently conclusive to draw the 

following gene·ral conclusions;· 

1. Low ash, high volatile wastes with relatively high moisture 

content may be burned with high ·combustion efficiency in a cylindrical 

combustion chamber using only tangential overfire air. This confirms 

similar conclusions based upon the model studies. A commercial 

unit similar in size to the prototype incinerator will burn efficiently 

approximately 80 cubic feet of waste per day. This based on a bulk 

density of 10 pounds per cubic foot. 

2. Variations of air mass flow rate showed approximately 
. 

tlie aamc effect on the burning rate in the prototype unit as it qid in the 

rnoclel unit. 

3. The effect of port area and port height on the burning rate 

in the prototype unit was not consistent with the results obtained in the 

model stuclics. In the prototype unit. variations of port height had relatively 

greater effect than variations of port area, whereas. the opposite was 

true for the model incinerator. 

. .. , ... 
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Tnblo. 1. 

Comrarison Perforni.1.ncc Tc.::its of Prototype Incinerator 
Using Charges with Different Moisture Content 

30"' . .) 

Test No. 2 Test No. 1 

ComJX>::dtion of charge burned: 
Proximhtc 

Moi~ture 

Volatile m3tter 
Fixed carbon 
Ash 

Ultjmate 
H 
c 
N 
0 
s 

Ash 

Gross heating value, 9tu/lb. 

Operating conditions: 
Weight of charge, lbs. 
Approximate density of charge, ·lbs/cu.ft~ 

Air rate, lbs/hr. 

Air temperature at the orifice, · °F 
Linear air velocity 

. in tangential ports, 
Reynolds nur..bcr,'in tangential 
Operating time, 

ft/sec • 
ports, 
minutes 

Results: __ 
Observed burning rate, 
Cnlculated burning rate 

las.charged) 
Calculated burning rate 

_(Moisturc,Ash,Frcc basis) 

lbs/hr. 

lbs/hr. · 

lbs/hr. 

Maxim1JJ11 stack gas temperature, 
Mean stack gas temperature, 
Maximum C02 content of stack gas, 
Mean C02 content of stack gas, 
Theoretical C02 content 

of stack gas, 
Pounds of residue, 

~'. .. 

. . . . . . . 
' . " . . 

• ,, 1111 " .. ... .. . . ,. . 
~y ~ • •• ·~ •• 

Of 
Of 
percent 
percent 

percent 
lbs. 

.., . ..,.., . . . . . 
•;,• 

[ 7~80 40.~oJ 
72.30. 46.BJ 
19.50 12.60 
0.40 0.30 

100.00 100.00 

6.50 8.07 
47.00 30. 54 
0.10 0.02 
45.~ 61.33 
0.10 0.01 
0.40 0.03 

100.00 100.00 

[ 8070 5230 

106.50 lJn .oo 
10.65 lft.70 

I 824 872 
166.5 163.0 

70.6 73.9 
49,000 51,000 

62.0 82.0 

103.0 107.5 

87.2 99.0 

80.0 59.0 

1625 1385 
1270 10)0 
18.9 12.8 
11.6 8.4 

20.4. 20 .I+. 
0.559 0.72 



4. Both the .com bu st ion efficiency-and burning capacity of 

the prototype unit were highest when using the uppennoGt set of ports. 
I 

This confirms the results of the rnpdel studies with respect to combustion. 

efficiency, but is in contrast with the rcsulto in the model with respect 

to burning capacity. 

It should be emphasized that these conclusions are ba.scd on 

a limited investigation of only a few factors. The effect of such variables 

as the bulk density, ·chemical composition and moisture content of different 

waste materials has not been determined. It is evident that these factors 

must be investigated before a complete evaluation of the unit can be 

made. 

• 
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PROPERTIES OF VAHIOUS FILTERING MEDIA 

FOR ATMOSPHERIC DUST SAMPLING 

By W. J. Smith, N. F .• Surprono.nt, A. D. Little, Inc. 

INTRODUCTION: 

In srunpling for atmospheric dust and for testing atmospheric dust con-

ditions, a number of methods are in use which depend upon filtration to arrest 

the dust particleso The effectiveness of arry such method or even its success 

can depend, to an important degree, on the filter medium that is selected. Be-

cause they may bo so important, the properties of any filter medium should be 

wall understood before its use is recommended for any test method. It is our 

present prupose to compare and discuss properties of several filter media with 

respect to various air sampling requirements. All of the media to be con-

sidcred are now available, ar.d. most of them aro being used for air assay worko 

There are various reasons for collecting a sample of atmospheric dust, and 

tho purpose to be served will inO.uence selection of the filtering medium. To 

mention some of tho reasons or purposes of sampling, we have measurement of 

mass concentration of dust in the air, particle size distribution, chemical 

analysis of the particulates, toxicity assay, radioactivity measurem.ents.11 study 

of org&r~sms~ and evaluation of soilinG characteristics. 

Conditions under which the saJnpling must be done may also inO.uence solec-
-

tion of a modiumo For exa.m;:>lo, glass fibers would.not be usod in an atmosphere 

known to contain an nppreciablo amount of hydroiluoric acid vapor. 

In some cnsos a particulnr filtor 1r1odium is usod in a certain npplication 

only bocauzo of long standing practico wlU.ch 1 for consistoncy 1 is kept un-

clw.nGod.o Howovcl'.' when tho need nrisos to [lOloct a fi.1.ter for some now or 

WASil-1"{0 
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spoc:i:al purpo~;c, an · •. tadcrstancli11e 9f the gcnoral filtering properties of 

avaiJDblc media should be useful in making an intclliccnt choiceo It is our 
I . 

. purpose to contribu tc to the fund of such infonnation. 

The problems associated with selection and use of air sampling filter 

:media were discussed at the Air Cleaning Seminar, sponsored by the Atomic 

Energy Cor:::nission and held at Ames, Iowa, Septa 14-17, 19.52. As a result of 

that mcetine a stud)' of filter media and samplinr; practices was wrlertaken by 

Arthur Do Little, Inco A questionnaire survey of some 40 laboratories,. most 

of them wi tl1in the Atomic :ilerey Commission operating areas but including also 

a number of outside laboratories, provided a list of air san~ling media that 

are in current use at these laboratorieso 

We assembled a group of sar.iples representing nearly all of the media 

that were rrentioned in the surveyo This paper describes and discusses air 

filtration test results obtained for these media and for a few others1 that 
• 

wo:re included because of their special interesto ou'r test methods have in-

eluded di-octyl phthalate smoke penetration, atmospheric dust pe:1etration_p 

and plugging rate on atmospheric dusto A range of pe~fonnance characteris-

tics is provided rmich may ai.d one in selecting a filter material for any 

dust SG..r.;.pline purposeo 

Di~Octyl Phtha1ate S:no;rn Penetration Test: -

The di-octyl phthalate sr.ioke penetration meter or 1'DOP testcr 11 as it is 

called more commonly, ·was developed by thB armed services during the r-rar arrl 

has beco;;-ie a well known and highly respected device for evaluatine .high effi-

ciency filterso Instrumental parts of the tester nnd theories of their 

1AEC mineral papers ·were a:ldcd to the croup .. 

. ...... ' 
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op or a ti on h:i vc been prl scntcd well in the lit eraturo (11 2 si J). For our needs . . 
here a very brief description will serveo Thc·rc is a smoko generator fer pre·-

ducing a controlled, mono··dispcr0cd liquid aerosol of di-octyl pht.halatco This 

is accomplished by condensation from the vapor state and the droplets so formed 

are held very close to Oo3 micron diam.. Particle loadinc is about 50 micrograms 

per cu. decimetero Also a light scattering chamber is provided with sensitive 

photcclectric pickup means for a:::curate measurement of smoke particle concentra-

tion.. The tester is adjusted against full aerosol concentration (unfiltered 

smoke) and against absolutely clean air., Penetration through a test specimen 

of filter medium is then read off directly in per cento 

Si~e the aerosol particles at O .. J micron diamo are in the approximate 

size range, for the most numerous :microscopically visj_ble atmospheric dust par-

ticlesJ the DOP test gives effi~iency values that parallel those obtained by 

atmospheric dust ·countso 

Under the somewhat standardized corrlitions of nonnal labor~tory test pro-

cedureJ JX>P smoke penetration measurements are made at 28 lino feet per mino 

through a 4o5 ino di~~o circular area of the medium. In the work to be de-

scribed, this area size was used for flow rates up to 28 feet per min.. To 

reach the higher flow velocities (up to 200 11.n .. feet per min,.) a test area of 

1.75 ino d:tamo was usedo 

T·able I shows DOP smoke penetration efficiencies over a range of air now 

velocities for our l>hole group of air sampling media.o It is evident immediate-

ly that there is a very great difference in efficiencies as measured by this 

testo . Pcrh<i.ps this is t.he point at which we should stross that DOP smoke pene-

tration alono must not be taken as a general measuro of usefulness for all filters. 

It is a vcr:r severe test and is norr use·d primarily to rate absolute-type filters o 

.. -..... 
I.' 
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When we aro dealing r.:i.th modi a intended to· col lee t bulk dust or to analyze 

for atmospheric dust on a \.TOight bu.sis~ very fine particles contribute to a 

minor degree and become unimportant; ~he DOP test then has much less signifi~ 

canc.eo However,, if our interest extends to tho sub-micron size dust part~cles 

of the atmosphere (and these are by far the most nwnerou.s) then the DO? tester 

can tell us a great deal about what we can expect a filtering material to doo 

/Jl interesting feature of the data shown in Table I ·is the relation of 

DOP filterin~ efficiency to flow velocity for the different types of filter 

materialso Wo have plotted sets of data selected from Tab)E I to show s~~e 

characteristic curveso 

Fig. l is for CWS //6 papero At a low air flow rate;i it is very efficiento 

This is a fortunate circumstance because this type of material is used princi-

pally for making large_ volume high efficiency space filters in which face velo-

city through the medium is only five :µno feet per minuteo With increase of 

flow rate;i smoke pemtration increases to a maximum at about .39 feet per mino 
. 

As the flow rate is further increased;i penetration again falls off ,p and pro-

gressivelyo This behavior has been studied by Ramskill and Anderson of the . 
Naval Research Laboratories (4)o They attribute the low velocity positive 

s~ope to the in...."'1.uence of diffusional collection while the higher velocity 

negative slope is ro.-plained by influence of inertial effcctso In a.ddition to 

now veloc:1.ty.P these ri.uthors show how the character of the curves is controlled 

by aerosol particle size,.. particle densi ty,p diruilcter of tho filter fi.bcr,p and 

inter-fiber spacing., 

Pressure drop.ll plotted separately in Fir;o l,p is nearly linear with flow 

rate in:licating viscous flow through tile med.iumo 

. ' 
. .. . . . . . .. . . . .. . . 
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All of the high cfficioncy papers, AE'C //11 AEC mincrnl fiber pnpc1·s, an:l 

1N 70 (18 mil) show curves similar to that for CWS //6. 

Fig. 2 shows the plotted dnta for a still more hichly efficient medium. 

This is a srunplc of glnss fiber pnper made by the Hurlbut Paper Coo and Con­

taining a resin binder. The fibers in tho sheot have a diameter of about 1/2 

microno The resulting cur\"'o also shows the poak typical of high efficiency 

me di Ao 

Chomical filter papers as illustrated by the Whatman papers are made in 

several types, and thoy give a variety of curves. Fig. 3 shows a plot for 

paper No. Ll which is typical of m<my of tho cellulose papers o 

Paper No. 42 (Table I) is remro.-kably efficient for an all-cellulose 

sheet. This efficiency is attained at low flow velocity, but pressure drop 

is higho 

1'~~ type 11511 filter which is used successfully for high volume air 

smnpling·(S) shows an unusually uniform DOP efficiency level over a broad 

range of flow rates (Fie. 4). While all of the other filter specimens ·come 

in flat sheets, typo 11S11 is different. It has a molded shape of concentric 

convolutions designed. to provlde a lare;e filtering area.o A piece was cut from 

~ roasor..ably flat nroa mid used as the test specimeno 

Mc...-nbrane filters have been described as molecular sieveso Collection ap-

po:us to be almost entiroly at the surface. It is perhaps for this reason thu.t 

thoy fill up rapdily on an oil smoke (like DOP) and so may not show up to best 

~vwit.i.ge in this test. 

AD. fiber filtor materials "fatigue" in tho DOP to:;tcro After running on 

DO? for sovcral minutesi the smoke penetration incronsos. Ono explan.D.tion 

' .. 
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offered is that electrostatic effects in Uio filter body aro lost due to ac-

cumulation of liquido It is kno\m that filters depending on electrostatic 

effects fail quickly 'hi1en used on oily smokes, so there is some basis for the 

suegcsted explanation. For the present, it is only important to mention that 

a DOP test should be n~de over a short period of timeo 

Efficienc;'{ by Atmospheric Dust Counts: 

It was stated earlier that DOP test results aro comparable wlth effi-

cic."1cy as measured by counts on atmospheric dust particles. This is shown 

by the data in Table IIo Here the IXlP filtering efficiencies of the various 

media are eiven, calculated from Table I. Atmospheric dust count efficiencies 

are shown for comparison. 

To measure these efficiencies on atmospheric dust, a high-speed impactor (9) 

(6) was used for collectiono Particle concentrations 'h'Bre measur.cd before ard 

after the filtero In most cases, four tests were made on each filter and 200 

counts were made each timeo Efficiencies were calculated from.counts on the 

sonic velocity stage of the impactor; particles were one micron and sm~ller in 

dia~etero No counts were obtained on the clean side of the very efficient me-
• 

dia oven after running the impactor for six hours. It should be borne in mind 

that the great numbers of atmospheric dust particles are less than a micron in 

diametoro Rating of a filter by counts on such dust is the same as rating that 
. . 

filter for perforr.wnce in those sm~ll particles. 

Even those who have been aw:i.re of the relation of DOP efficiency to par-

ticle cow1t efficiency may bo surprised by the close correlation of these sop-

· a.rate methods. The results strongly indicate that tho. DOP tester can be relied 

upon to evaluate all filter moclia with respect to efficiency agtd.nst sub-micron 

• •t • .. • ....... ' 

.. 
., 4' .. 

... .. "" .. '·• . -------------------·--·-········-----·-"·---·"·-·"'•""•""' 



WJ\SII-170 311 

size n.tmoGphoric ·dust 1~:u-ticleso 

Efficiency by Particle Si7.0S 

In tho methods just described we ~ealt only with suh-micron ·size particlcs 0 

~nen wo inclu:io- considorntion of larger particles, our attention becomes 

limited to tho cellulose fiber filters on our list. Larger particles do not 

penetr~te tho other media of the group. 

Table III shows the particle size analysis for unfiltered laboratory air 

and for the s~~e air after passing through each of several cellulose fiber fil= 

tcrso In every case_p the count peak is shifted in the direction of the smaller 

particles as would be expectedo No particles larger than two microns were ob-

served to have passed any of the filterso Tin<e did not pennit us to include all 

of the cellulose fiber filters; we did try to select a representative groupo 

Efficiency of filtration by·pa.rticlo size is shown in Tablo IVo Here again 

efficioncy was me~surod by particle count on high-speed impactor plateso No 
• 

particles were found abova the size of two microns, atid cU.l of the filters showed .. 
good to excellent efficiency on particles in tho ono- to two-micron rangeo When 

the primary interest is in weight of dust collected, these filters are generally 

adequ~te since large dust particles contribute most. The weight contribution of 

a particle is measurod by the cube of its diameter. 

All of tho results reported have been on fresh samples of mediao Allowance 

should b6 made for the fact that all filters improve in efficiency as they fill. 

A~ ~ prncticr..1. matter, all of tho media tested here will perform much better in 

use than our ftguros indicate. 

c 
/l; \ 

In marry air DrunpllnG o.ppllcntions 1 plugging rate of n filter meditun is not 

. . ~ . . 
"· ' . ,. r •. 
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a problcino But.in those cases whore it is C;i.esircc_l t) sample over a lone.period 

of time or to accu-nulnto a sizcablo quantity of particulato matter i tho rato at 

which plur;t;ini:; occurs may become importnnto At timos flow resistance or the 

deve1,op:nent of flow resistance mny even detennine the feasibility of takini:; the 

·sampleo 

A life test or plugging rate test consists in operatinG a filter sample at 

some selected flow rate and observing the increase in pressure drop with time. 

',Pho kind of equipme.11l we have used for this is sh01m in Figo 5., It consists of 

separate test stations in which samples of filter materials mcy be mounted and 

operated over long periods of timeo Each station has a sample holder that takes 

a 3 1/2 i.no dia.'Tlo disc of tho medium and e>..-poses 8: test area 3 ino in diarn.o A 

calibrated orific.e meter and control valve allows each sample to be run at a 

selected rateo Our testers are arranged in two bnnks of twelve units each;; all 

twelve stations in a bank exhaust into a single manifold line which is connected 

to the intake port of a three-stage Spencer Turbine Blowero .· 
The flow rate tends to fall off, of course, as the fi.lter fills with its 

accumulated dust loado This necessitates periodic adjustment of the valve to 

restore the proper rateo Pressure drop across each test sample is measured 

wlth a nun tube uater manometer. 

It seemed best to life test all of tha mod.ia at tho same ti.~e so that arry 

question of v.s.rying dust conditions in the air would not enter ino This brought 

up the m~tter of flow rate at which to run; for direct comparisonsi all should 

be run at the sw~o rateo Tho very low rate of five lino feet per mino ~as se-

lected as a start ·with tho intention of increas:tne the rato after the rapidly 

plu&gin~ s<Unples h:id be<.:n removed. When pressure drop bec;:imo too high for any 

rnanorr.oter, that test wao stopped. .After L80 hours of runr.J.n0, the now rate 
I 

.. - ... 

. ' 
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was stepped up to 28 lin. f ce;t per min. for all su:::-vi vini.; specimens except tho 

mc:r:1br<1nc filters. Only seven specimen filt.crs wcro remaining 120 hours l.atcr 0 

Atmospheric dust loadinc over tho time period of the run was measured by weieh-

ing the totc:il dust load on n manbrano filter. 

Table V includes life tests for the ontire group of samples. With ono ex-

. ception, the tcr;t specimens were flat discs.. The exception, Y.SA type "5 11 , as 

mcntion.;d. before is a molded filter with concentric convolutions. We used a 

\.lhole filter and adjusted air flow to allow for the greater area which wo es-

timated to be 75 sq. in. 

It is interesting that the media which plug most rapidly are not ncccssar-

ily the -most efficient nor those with highest initial pressure drop. As a class 

the chc.llical filter papers tend to plug most readily. High efficiency papers 

show r.mch better life. The membrane i'iltfirs are very interesting; pressure 

drop is high initially but increases only a little as dust load accumulates • 
• 

In ou.r ex .. pcrience and to tho best of our lmowledge, the r.ate at which a 

filtor becomes loaded does not determine its life, regardless of time the pres-

sure drop through a sa.11pling filter is fixed by the amount of accumulated dust • . 
Operating at low now rate merely extends tho time; dust loading in the air 

(assu:ning a constant dust composition) and the total w-.ount of air passed are 

the controllinc; variables. In our life tests we used very low flow rates. 

For' this reason Tabla V gives a slow motion picture ·or plugging rates. LH'e 

for ·acy other flow or dust loading can be esM .. matcd from the data given. 

Discus::;:ion of Filter Properties: 

For conve:nionce of reference, Table Vl cont<d.ns some general infonnation 

on the various f-.i.ltor media wo have been discussinc. We do not consider this 

Tablo to bo complete in any way. It contd.in~ some of tho moro obv-lou.s qualitic:;; 

/ 
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nlont; with a few measurements of ou:r own. Values ·for ash content of the chcmictl 

papers were given by the manufacturers. Values for other media,p we determined. 

Very often some special property will .dotcnnine the suitability of a given ma-

terinl. Such properties are important ~d must be considered alone with filter-

ing pcrformaree when a sampline medium is being selcctedo 

Chemical filter pnpers appear to be used more widely than any other type of 

air assay mediumo This may be because they are nearly always at hand in a labor~-

tory. For those purposes where the filter must be destroyed to isolato or con-

ccntrate the dust, the low ash chemical filter papers are particularly useful 0 

High surface reflecta.."lce of light from chemical papers have made them pop-

ular for those test methods which are based on discoloration of the collecting 

surface. 

Alt.'1ough chemical filter papers probably were never intended Tor air sam-

pllng work,p they have proved to be mos~ popularo Many ldnds are available and 

data in the Tables of this report show the range of pcrfonnance, characteristics 

that can be oxpectedo There are some properties inherent in paper and other fi-

brous media which are disadvantageous in some cases. These will be mentioned at . 
the end of this discussion. 

Chemical papers in particular ofte'n a.re founi to contain pinholeso Wnen 

this occurs,p it is likely that even some very large dust particles will pene"" 

trateo 

Unloss an air filter medium is manufactured especially" for the purpose, its 

performance characteristics are likely to .vary from lot to lot. Chemical filter 

papers arc manufactured for chemical laboratory work. They aro made and used 

primarily for ..,ct filtrations. Therefore it is not surprisi.'lg thnt wldo varia­

tion in air filtrat1.on is often found for chomicnl filter paper. Table VII 

j '~ ·~ :r .. 
'. 
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lists so:no e:qJerimcntal res1:11ts that illu:Jtrate ti·i.s point. 

The membrane filter is relntively no\<11 bu.t it holds groat promise as an 
• 

all-round assay m3dium (7 ,,8). It is hiehly efficient, rna.y be obtained in 'White 

or black, particles accumulate only on the surface, refractive indox is such 

that the filter structure itself becomes invisible for oil immersion microscope 
I • 

viewing, and the filter can be dissolved if need be or it may be destroyed in 

other ways. Because they are very delicate, the membranes must be handled care-.... -· 

· fully and supported during use. To genorallzo, there appear to be more useful 

properties ~ssociated with membrane filters than with any other one medium. 

The felt-like papers CWS #6, AEC fh., nnd the AEC mineral fiber papers were 

design_ed for efficient air cleaning ani serve that purpose effectively. They 

are not so well suited for mos~ assay work. Dust ·particles penetrate the struc­

ture so that they are buried an:i lost for some types of radioactivity measure-

. ments ( C( counts). These papers .are so high in ash that they are not at all 

• 
useable where the filter must be destroyed to perform analysis of the dust. 

If 51.litable precautions are taken they may be uso'd for gra~etric sampling 

On even the .finest Of dusts an:i fumes. 

HV 70 is a closely formed paoor and has founi use particularly in radio-
• 

activlty monitoring. 

f!.1-glass papers, like those developed by Naval Research Laboratories (10) 

a.'1.d madl:'l to a limited extent by several pop er comp9-Ilios, are to be recommerded 
. 

for high tenperatures or in the presence of corrosive .fumes or gases. In our 

series the H:urlbut glass paper is an example. These papers are made of very 
. . 

fine glass fibers ar.d are tho most efficient of fibrous filters •. Some have 

resin or other bindora 1 mld this should bo burned out before using the sheet 

in most ld.nds of test wo::i.·k. In grav.1..motric work caro must be taken that loose 

··-

--------------·-·--····-...... 
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.fibers arc not lost from the shceto 

All fibrous filters, cellulose or glass, have water associated or adsorbed 

in their structures. The amount depends upon atmospheric hwnidity and will var.1. 

In weiehine the amount of dust lond collected by such fi1ters, it is very im-

porta.nt to condition the filter at a lmown humidity leve1 before every weie;hing 

and to wc~gh the filter in a closed container. 

Dust collected on a fibrous filter will penetrate the filter body to s omc 

extent. For this reason it is very difficult, if not impossible, to make dust 

studies under the microscope on most paper filters. 

SUNHARY& 

A group of atmospheric· dust sa:nple media has been studied for performance 

characteristics. The media were selected to represent tJ~ose in use in a number 

of laboratories. ·Test methods used were di-octyl phthal~te smoke penetration~ 

atmospheric dust penetration, efficiency by particle size, and plugging rate on 

atmospheric dust. A wide range of properties were s~own. 

The filtering properties have been discussed and the suitability of the 

media for various applications have been in:iicated. 

It has been demonstrated that efficiency measurements by the DOP smoke 

test follow very closely the results· given by atmospheric dust countso . This 

suggests that the fast DOP method can be used to rate any filter mediu.11 on pe~ 

cent of atmospheric dust penetration by particle counto 
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71N bt.o 
tlr:u.r Feet .u::: CliS 
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5 ~ Penel.r&tian- 0.022 0.015 
Fro sure Drop- o. 7 0.!>7 

r· ! 
10 0.0)6 0.02) 

1.1.5 1.45 

20 0.045 0.04 
2.9 2.9 

28 o.oss O.OS7 
4.2 i..os 

so o.a.s O.Q.5 
e < .. : 6.7 7.5 
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100 o.o:n 0.(7)7 .. 1).) 17.0 

150 O.<Xll 0.018 
22.5 25.5 

4'IXI 0.011 0.01 
29.S )5. 

.. 

T~~L£ l 

~hct or t"l"" lllte on l'ressuro UropA· an:! :x"·r Jiooke Penotratlon111• ror Varloua Air 3ampll.ng h<lla 
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6.) !>.9 b.l 10.6 2.e 3a. 15. 2.0 2.7 45.5 /,0. 48.5 :t.l )1. 24.5 

!.7 0.45 0.005 11. 62. O.) 2.e 67. 65. o.o:z 0.2 0.15 1,,7. 0.015 0.02 
9.4 1). 10.6 19.~ '·' 69.i. 

25.) ).8 s.s Ill, 71. 8'>.0 ).9 59.!> )9. 

0.2 0.1 0.005 1.2 25. - 0,2) u. )4.". - - - )9. - -
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TABLE II 

.Impactor Count Efficiency on Sub-micron Atmospheric D~st Particles 
Compared with. DOP Effici~ncy for Various Air Sampling :Media 

FLOW RATE 20 LINEAR FEET PZR MINtITE 

Atmospheric Dust 

319 

Count Efficiency DOP Efficiency 
Per Centb• r'ilter Medium 

1 
4 

32 
40 
41 
41H 
42 
44 
50 

540 

·s & s #604 

HV 70 9 mil 
IN 70 18 mil 

Y.SA Type 11S11 

Millipore Type Uf.A" 
Y.illipore Type t1.AAll 
S & S Ultra Filter 

Hurlbut Glass Paper 

cws /!6 
AEC · //l 

}:EC Glass~Asbestos 
AEC All-Glass 

/ 

Per Centa• 

50. 
1.50 
99.1 
85.1 
26.5 
24. 
98.8 
97. 
92. 
67. 

13. 

96.5 
99.S 

460 

(No plicles 
found a.ft er 

6 hours 
running.) 

l 
a.Average of 4 tests. 

b.Calculatod from Tablo I. 

. ·' . , . 

... .. . ~ 

y .... •• 

. 
I 

.... ·-

········-·····--------------

... w.,, ............ 
• . . 

to •I' I 'I 

J . 

570 
2.3. 
99.5 
84. 
2Jo 
l9o 
99o2 
98.6 
97. 
650 

15. 

96o5 
990.3 

. .4e. 
99.9+ 
99o9+ 

99.99+ 

99o9+ 
99o9+ 

99o9+ 
99.9+ 
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Particle Dia~eter 
- Mic reins -

below 0.4 

.4 - 0.6 

.6 - o.a 
. o.s - 1.0 

.. 
1.0 - 2.0 ... 

' . . ( ( "~ 

2.0 over 

~ ~ r " -

TABLE III 

Particle Size Distribution in Atmospheric Dust 
Before and· After Filtration 'Ihrough Different Media 

COtJNT ANALYSIS OF. AIR BORNE PARTICLES - PER CENT OF EACH SIZE 

Unfiltered - - - - - - - - - - -F i 1 t e r e d Air---------· -
Air 

JL8 

42.6 

16.2 

608 

1.6 

1.0 

Whatman #1 Whatman #4 Whatman ~41 

! 52 0 8 ----- ' 45.2 47.4 

35.3 38.1 40.3 

10.6 14.2 9.1 

1.1 1.9 2.4 

0.2 0.6 o.a 

-

Notes! FlCM Rate: 20 liriear feet per minute 
through the medium. · 

Each .value based on cou.'1ts for two· fil­
ters with no fewer than 40 
counts each point each f il­
ter. 

Particles collected sonic velocity im­
pactor. Counts and measure­
rrents by oil irrnnersion micro­
scope 1350X. 

Whatman #42 ?·~SA "S" 

51.0 50.0 

39.3 41.8 

8.5 7.0 

1.1 1.0 

0.1 0.2 

w 
I\) 
0 

~ 
:::l 

' I-' 
~ 
0 



.J~. 
0 

. ,-

Particle Diameter 
.-.:, - }~crons -

~: below 0.4 

0.4 - o.6 

o.6·- o.a 

o.s - 1.0 
• t' ·: 

1.0 - 2.0 
j 

I : ' 
: ' above 2.0 

! 

TABLE IV 

Filtering Efficiencya• by Particle Size 
for Each of Several Air Sampli?l(; 1'.cdia. 

FLOW RA TE 20 FEET PER MINUTE 

Whatman #1 Wha.tmn.'1 U4 Whatman #41 Whatma.'1 #42 

57b. 23b. 23b. 99b .• 

58. 32. 28. 97. 

69. 3a. 64. 98. 

92. 79 •. 74. 99.3 

95. 74. 70. 99.8 

100. 100. 100. 100. 

8 • Efficiency for. particle retention in per cent by count. 
Particles above 0.4 micron diameter collected by high­
s~ed cascade impactor. 

b•DOP amoke value used for particles below 0.4 micron dia­
meter. 

: 

MSA 'JYpe "$" 

4ab. 

47. 

77. 

92. 

94. 

100. 

~ 

~ 
~ 
I 
I-! -0 

w . I\) 

I-' 
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21111'11 
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Ot.buviH 
aoted. 

l 

0 

2.1. 

u 
120 

1'12 

26! 

)JI> 

)!!. 

480 

0 

24 

u 
72 

120 

1~ C'tl.3 
"' 70 L.1. u. 9 oil 11 "'11 

0.12 0.12 0.95 l.OS 

o. ?S o. 75 1.15 

0.75 0.7S 1.2 

0.85 0.8 l.t. 

1.2 

1.25 

1.4 . 

o.as ·0.9 1.55 - 1.7 

0.95 1.0 1.1 l.9S 

l.CX> 1.05 1. '1 2.0 

1.os l.os 1.9 2.0 

l.os 1.1 l.9s 2.1 

5.6 

5.1 

6.1 

6.6 

1.0 

(" 

Test ConUnut'1 at 28 il'H 

6.1' 11.0 

6.)5 11.5 

6.6 12.6 

6.ss 

7.4 

... 

u.i 
12.1 

14.2 

Kurlb11t 
Glos• Paper 

0.9S 

1.0 

1.0 

1.1 

1.1 

1.2 

1.2 

1.:zs 

1.25 

1.0 

7.15 

7.4 

7.6 

o.i. 

., 

.lliH..!. 

Ut• TnU - Change of Pressure Drop Aero"' Air Sampling r...tla "1 tb Operating T1lle 

· WhatNn Ch"'"1cal Filter Paper• 
LLLt. UJ 40 .• U ft.lH I 1,2 I IJ. I 50 

1.9 0.411 7.0 2,45 0,)5 0.5 e.5 e.o 9.5 

5.2 o.eo 9,1.5 5,7 1.2 0,95 28. 

6.2 1.15 11.0 6,95 1.5 l.'!>5 

7.) 2.) 12.11 8.2 2.lS 3-l 

11.0 ).2 

8;5 ).9 

4.15 

4.15 

4,25 
.. 

9,0 

.. 

2.7 4,5 

,_,, 6.1! 

).9 

4.0 

4 • .3 

/ 

16., 27. 

l!cw'e• 1111111 pre1111re tl.,,p ln lncho or wder, 

•. 

.· 

5'.S 
~ 

0,JS 

O.t,5 

o.a 
1.11 

2.6 

3,15 

).45: ,_, 
,.,, ' 

Y.<01brane Fll tertt 
"HA" ".AA" 

s.~ 2.) 

'·"' 2.5 
5.5 

5.7 

2.6 

2.6 

5.9 2.1 

6.4 ).0 

!1.7 ).1 

7.1 ).15 

1.1 3.2 

S:ont•o at S >"l'Y, 

s.1 

8.2 

s.5 

s.55 

1.6 

.. 

).2 

),1, 

3.2 

).) 

'·" 

' A£C l'.1.neral ru t.n 
!;lus-~sb. All-jlan 

0.1 

0.75 

O,?j 

O.!I 

0.7 

0.7 

0.7 

0.1 

0.9 0.75 

1.0 0.115 

1.2 0.85 

1.25 o.ss 

. 1.)5 . 0.15 

r.sA !%!>'! • r 

0.17 

0.17 

0.2 

o.z 
0.22 

o.zs 
o.zs 
0.25 

0.25 

'°"tlnu..t n 28 Ff!I 

7.6 

7.1 .. , 
1 .. 15 

4,75 

s.o 
5.25 

, .. 

1.2 

1.2 
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1.25 
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Mr.nuf acturer 
· >:aterial .'!}:Ee or No. or Soi.:rce 

Chemical 6 l W. & R. Balston 
Filter 4 Ltd.• fugland 
Papers 32 

40 
§ 41 
!l 4 lll 
co 42 
§ 44 

50 
540 

S&S 604 ·Schleicher & 
Schllell Co. 

Me:nbrane "HA'' Lovell Chemical Co. 
Filters nAAn 

Ultra Filter S -& S Co. 
membrane t1?7 

HV - 70 9 mil. Hollingsworth & 
18 mil Vose 

. ! 

MSA 115n Mine Safet,-
Appliances Co. 

Glass Paper - Hurlbut Paper Co. 

cw s 16 Hollingsworth & 
AEC /fl. Vose 

AEC Mineral Asbestos Arthur o. Little, 
Filter Glass Inc. 

·~ 

TABLE VI 

Some General Properties of Air Sampling Media 

A!!'h Content 
Gre.rr.s per 9cm 

'Ihickneso Dl8mcter Circle · Present Application 
Inches (unless other. stated) DescriEtion in Air SamEling 

.oos .00039 White cellulose papers Tests dependlf18 or1 

.008 • 0005 of various grades • discoloration or 

.010 .00022 change in light 

.010 .00009 transmission. 

.010 .<XY.J09 

.an .00004 Nos. 41H, 50, & 540 Analysis of parti-

.010 ' .000064 are hardened papers. culate by destruc-

.ooa ' • 000051 tion of medium • 
' .005 .00016 

.006 low ash 

.oos .0002 .:, 
lii ' &:It 

1~5% .005 Porouo cellulose ester Particulate counts, I 

.005 1.5% !llms. identification.br .t; 
0 

.005 - J11icroscope. "Final 
· otage 11 for impact(!" 

<X. countlfl8. · 

.009 14% 
.. i 

Asbestos bearing eel- General air assay & 
.018 14% lulose base paper. ! radio activity moni-

·. 
tcring. I r 

' .\ 
• .040 1.3% Molded cellulose - High volume air 

corx:entric convolutio?l'-. sa.:npling. 

.010 95% Fine glass paper - High efficienc7 par-
--- .. resin binder • ticulate removal. . .. 

I 

.OJO 11% Felt-like paper as- High efficiencT par-

.CB o 13% bestos & cellulose · ticulate removal. 

.030 95.o.t Glass & asbestos. High efficiency par-

.030 95.o,t All-Glass t.iculate removal. 
Both with resin 
binders. ~ w 
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TABLE VII 

Variations in DOP Smoke Penetration and Pressure Drop at 26 FPM 
· tor Various Samples of Chemical Filter Papera 

Reported Results Range 
Wnat;nan Filter · · (Table I) No. Boxes 

Paper No. AP In. of Water- % Penet. AP In. of Water-% Penet. Testedl 

l l0.6 27. 9.5- 12.8 12. - 28. 5 

4 2.6 73. 2~2 - 2.6 72. - 75. 2 

.32 38 • 0.35 38. - 45. .008 - 0.35 l 

40 lS. a. 13. - lS. a. - l.3. 2 

41 2.0 1s. 2.0 - 4.2 49; - 1s. 4 

UH 2.7 76. 2.7 76. - 82. 1 

• 
42 4S.S 0.22 44. - 55. .05 - .9 4 

44 40. os 40. - 48. 0.,25 - 0.5 i. 

so •1 48.S 0.9 48. - 61. 0.3 - 1.2 2 

l.rro-ee ssnples tested in each box. 

.· .. '' . 
. , ·-· .. •. ... ~ ........ ~ .. · 

·' p o# .., ,_ . . 

. . 
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SURVEY OF AIR SAMPLING MEDIA AND SAMPLING METHODS 

USED AT A.E.C. AREAS AND BY OTHERS 

~y W. J. Smith, A. D. Little, Inc. 

" i 
At the A.E.C. Air Cleaning Conference held at Ames, ·Iowa, September 15-17, 

• • 19521 it was agreed that a survey should be made to assemble and summarize in-

formation on air sampling media and sampling methods used by groups doing air 

assay."WOrk. This survey was to include both A.E.C. areas and others. 

The survey was conducted by questionnaire, and an excellent and highly 

cooperative response was received. A fund of in.formation has resulted which 

should be of real value to all engaged in air cleaning and in the study of air-

borne particula~e matter. _ 

An effort has been made to show in a single chart all of the essential in-

formation supplied by the survey. A copy of the cha.rt ia inserted at end of 

report. ·For the most :part it is ael.f-ex:plariatory. 
• 

Across the top of the sheet are given the laboratories and installations 

along with the media favored at each site. In some cases several media are 

used to meet different needs,· and this fact is shown • 

• The side headings represent the various questions that were asked in the 

survey. Many of these required only a "yes 11 or "no" reply; others needed more 

detail. Where an essential piece of infonnation was too lellgcrthy to fit into the 
. ' J 

. chart body, it is shown as a footnote • 

........ ____ ... -:--~ 
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QUESTIONNAIRES IIBCEIVErr 

Organization or AEC Area Location 

Ail Sampling Equipment Compazv 

.American Cyanrunid Company 
Idaho Reactor Testing Sta • 
Chemical Processing Plant 

. • 

Ames Area Office, AEC 
Iowa State College 

Argonne National Laboratory 
Radiological Physics Div. 

Battelle Memorial Institute 

Brookhaven National Laboratory 
Health Physics Division 
Depts. of Physics, Chemistry, 
Nuclear Engineering and 
Mede cine 

Brush Beryllium Co. 
Cleveland Plant 

Luckey Plant 

.Harshaw.Chemical Company 

··Vitro Manufacturing Co. 
Health and Safety Div. 

Q.eveland, Ohio 

Idaho 

Ames, Iowa 

Illinois 

Columbus, Ohio 

New York 

Cleveland, Ohio 
- - _ .... 

Luckey, Ohio 

Cleveland, Ohio 

•. 

California, University of 
A£C Project 

Los Angeles, California 

Contract AT-04-1-GEl\-12 

Radiation L~boratory Los Angeles,_ Califorrda 

California Research & Do­
velop:ncnt 'Compru1Y 
Livermore Research Lab. 

California 

Carbide a.'1.d Carbon Chemicals Co. Paducah 
Paducah Plant 

Y-12 Area 

K-25 Area, C & CCC 

.. ... . . .. . ..... . . . . . . . . . . . . . .. . . . . . . .. . . . . ... . ... . . . . . . . . . . . 
___________ .....;•;.;;•.....;.•;.;••.....;.•_;,;;.;• •_;• _!,_!!_ _ _'_:,,..,.,_,.,~ ..... 

... 

• '!. ·-· .• 

' .. . . . .. .. . . . . . . . . . .... 
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In:ii vidual 

William L. 'Wilson 

R. E. Hayden 

Allan P. Skoog (Dr.) 

J. E. Rose 

S. Chapman 

Lee Gemmell 

Fit· R. Wolowicz 

F. R. Wolowicz 

A. J. Stefanec 

E. A. McCabe 

Robert J. Buettner 

M. D. Thaxter 

R. C. Thorburn 

· R. C. Baker 

Edward G. Struxness 

J.; C. Bailey 
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Organization or AEC Area 

Chaney, Albert L. Laboratory 

Columbia University 
,- Central Aerosol tab. 

Dept. of Chemical Eng. 

CQnnecticut State Dept. of 
Health 

.Bureau of Industrial Hygiene 
Industrial Hygiene Lab. 

Dow Chemical Company 
Rocky Flats Plant 

General Electric, A.~P, Evendale 

Industrial Hygiene Foundation 
for America, Inc. 
Mellon Institute 

Johns-Manville Research Center 
CWS Contract (not connected 
with AEC) 

.tCnolls Atomic Power Lab. 
Health and Safety Unit 

tos Alamos Scientific Lab. 
H-1 Radiological Monitoring 
Section of H Div. 
Santa Fe Operations Office 

WASH-170 

Location 
'· 

Los Angeles, California 

New York, New York 

New.York, New York 

Connecticut 

Evendale 

Pittsburgh, Pennsylvania 

Manville, New Jersey 

Los Alamos, New Mexico 

Los Alamos, New Mexico 

Massachusetts., Comnonwealth of Mass. Viassachusetts 
Dept. of Labor & Ir.dustries 
Division of Occupational l{ygiene 

Monsanto Chemical Co. 
Mound Laboratory 

National Bureau of Sta.~dards 
U.S.Dept. of ColnI'.lerce · 
He a tins and Air Conditioning 

Section 

National Lea.d 'Company of Ohio 
Fernald Area 

Miamisburg, Ohio 

Washington, D. c. 

Ohio 

••••• . . . . . .. . . . . . . .. ... 
. .. .. . . . . . . . . . . . . . . . ... . . . .. . .. . ..... 

• •• . . . . . . . . 
• • • . .. . 

.. 

Ind.i vidual 

Stanley R. Hall (Dr.) 

Prof. V. K. LeMer 

Arthur Humphrey 

Allan L. Coleman 

J. A. Martin 

W. C. L. Hemeon 

David Sine lair 

L. J. Cherubin 
.R. z. Bouton 

Dean D • Meyer 

H. F. Schulte 
&l Hyatt 

Hervey B. Elld.ns 

J. E. ·Bradley 

R. S. Dill 

R. C. Heatherton 

' 



Orr,anization or AEC Aroa _..,. ____ _ 
National Reuctor Testing Station 

u.s.A.E.C. 
Health Physics Division 
U.S. Weather Bureau Office 

North American.Aviation, Inc. 
.ltomic Energy Research Dept. 

·' 
Oak Rid~e National Laboratory 

· Health Ph;,rsics Division 

Phillips Pctroleu.~ Co. 
Mater:'Lals Testing Reaction 

WASH-170 

Location 

-

-
-

Idaho Falls 1 Ida.ho 

National Reactor Testing Station 

Rochester, University of 
Atomic Energy Project 

Savannah River Plant 
duPont Health Physics Dept. 

Stanford Research I~~titute 

New York 

Sylvania Electric Products, IncG 

Stanford, California 

_Bayside & Hicksville, 
Long Island 

Westinghouse Electric Corpp 
Ator:'.ic Power Di vision 
Industrial Hygiene 

... '... .. ·... ...._' . ... . . .. .. . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . ... . .. . . .. .. 
~~~--------------~~_:..._:_., 

.. 

• 
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Indivi<lual 

P. Griffiths 
C. W. Sill 

Paul A. Humphrey 

. Alan A. Jarrett 

D.M. Davis 

. J.w. Mccaslin 

Robert H. Wilson 

C.M. Patterson 

Konrad Semrau 

Robert P. Gleason 

Paul R. Bolton 



.• 
ZVAilJATlON OF TlIE KAPL. SEPARATIONS PROCESS STACK EFFilJENT 

ay J. J. Fitzgerald, GE, KAPL 

ABSTRACT 

'f~~ KAPL S~p~rations Process stack effluent is evaluated. The adequacy and 
th~ ~ffi~iQnGy of all the sampling instruments are determined. The size of the 

.. ~~rttel~9 ~ntr~in$d in the stack are studied under both the light and the elec­
t;rgn mi CfQ§{;J.'9r1©, 'fh.~ mean particle size is less than 0.05 microns. Autoradio­
~~~h§ Qf th~ v~rticulate material indicate that the majority of the activity is 
d.~:po~tt~Q. Qfi thi?oe eub-micron particles. 

- Chemie~l e~v~r~ttous of the material deposited on the Hollingsworth and Vose, 
l•iO ftlt@~ D~PG+~ §.Pd th.e caustic scrubber aro made. The rare earths co~prise 
th~ l~~~e~t ~~rtion ~f the particulate activity while Ru-106 is given off in 

':otil~t.:i.-vt';J_y lJ.H';3A q.uar-!tities during the Head End Operation. 
The r~lQtive ~ercentages of the activities given off during the most impor­

tant v~s~Q o: th~ Separations P~ocess are tabulated.. The KAPL stack effluent is 
trnm ov~lua:teQ. on the be.sis of the MPC recommended in the Bureau of Standards 
l!Andbook 52. 

• 
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EVAWATION OF TIIE KAPL GEl'ARATIONG PROCE!::lS STACK EFFWENT 

An evaluation of tho KAPL ota.ck effluent from the operation of tho ocpnra­
tione process was conductod; to detormine the environmonta.l and biologicul ef­
fects of the Pilot Plnnt opera.tiono, to eota.blioh maxim.um permiooiblo li~its for 
diachnrge of the effluont to the_a.tmoophero, and to determine whother more 
stringant control of the disch.o.rge of activity would be required at higher (gm 
Pu/ton U) O,i)Orn.tine; levels. . 

The air monitoring and air cleaning system for the separations proceos 
operations ia sche:::w.tico.lly illustrated in Figure KH-9A2403. This stack ia ap­
proxin:stely 100 feet high e.nd 3 feet in din.meter. The gaseous a.'1d particulate 

• material e:r:i.s.nating from the separations process is passed through a caustic 
scrubber ''hich takes out sor:io of the volatile components while tho CWS-6 filters 

I . 

·a.re over 99 per cent efficient in the collection of moat particles. The stack 
effluent ia sampled at the top of the stack after it baa been diluted by a fac­
·tor of approximately 103 by tho room air. At distances .from the stack, conata.""l.t 
a~r monitors a.re located in selected sites to check the radioactive concentrations 
at var+ous points near ground level. Vegetation samples are collected and a..""l.a­
lyzed on a regular schedule to evaluate the accumulation of radioactivity on the 
vegetation. , 

The evaluation of the stack effluent required the knowledge of; the total 
activity discharged, the particle size distribution of the activity dische.rged 
fro:::n the stack, the isotopic composition of this activity, a.nd the d.iapersul of 
tho radioactive material from the-stack. Each of these requisites wilJ. bo dis-. 
cussed briefly~ 

TOTAL ACTrvITY 

_The determination of the total activity discharged £rom the stack involved 
the investigation of; the ade~uacy of the sampling uni~s, the efficiency of each 
of the sampling units, representative sampling, and the absorption of alpha and 
beta activity in the filter media. 

As 1ll.uatrated in Figure KH-9A2403, the sampling Bj'"sten consists of n fil-
:; ·ter unit to collect efficiently the entrained particulate material followed by a 

: caustic scrubber to collect ouch radioactive componenta as ruthenium and iodine 
: vhich r:.ay bo rendily volatilized. Thia oe.mpling eyatem.. was considered adcq_ur..te 
. since 1 t co-llect_o. or dctEicta o. ]?ortTon of-.tne -rud:l.o-act"iv-:fty -dischnre;ed . 
from -t'le -otack. w{th-a .kno·.m effide-ncy. - .The- efficiencies- of the -Roll:ings..,,.orth · .. 

-and-Vos~ 1 F.-70 'filter paper were d~~ermin~d for a particle <lcnaity of-2.7 g;;:./cm3 __ -
~-over-a wide range-of-Particle oizea and linear face velocities. At an operatir.g 

face velocity of a.:pprox.i.Inately 5 cm/sec the H-70 filter paper wns 97. 7 :rier cent 
,. for 0.2 micron purticles. Tho efficicn.cy of tho caunti.c acr1.1bbor oha..m in 

Figure KE-ll044Jl+ was deterrninod for a ve.rioty of flow rateo, quantities of berl 
·· sad.d.100 c..:ld of cauotic solutions. In tho run.go of operating flow rat~o tho ef-

1 . 

l f'icie:::i.C"'.f waa 95 per co.--it for the collection of v~lnti_la .iodine. r 
. l- Iookinotic on.:npling was conoidorcd since 1 t 1o not only necoooa.ry that tho -- - · 

monitoring o;rctc~ bo c.d.oquato but that tho S8.!llplo to.kon be re:prooonto.tivo. 
AJ.thouE;21 tho oyoto:.i Yna deo.ign()d for iookinotic oa:r.plir.,z, particle oizo o.nn.lyooa 

". .. . . . .. .,.flC.~~ ... ,,,,.,, ........ , __________ , __ ···-~·---,---
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.· 

·. ma.do tho nood for tho balancing of tho sampling and stack linear flow ratoo looe 
etringunt. 

. Absorption etudioo of tho alpha and bota fission product activity of tho 
entrained pa.rticul.D.te material collected in tho R-70 filter pa.pore revealed nv­
eraso aboorptiono of 55 and 25 :per cont for tho alpha and bota act1v1tieo, re­
spectively. 

PARTICLE SIZE DISTRIBUTION OF STAC~ EFFUJENT 

Since the stack effluent due to separations o:porations is CO!llposed of a 
heterogeneous mixture of entrained radioactive and non-radiOa.ctive particles, 
the particle size distribution was studied in relation to the pbysical size of 
the heterogeneous mixture of the particles, and in relation to the radioactive 

· diatribu.tion. · ~ 
. The molecular filter paper was used as a filtering medium to coll.act a 
~epresentative sru:i.ple of the stack effluent. This type of filter papor was 

. chosen for its efficiency in the collection of aubmicronic particles and ease in 
detecting particles in the same medium under the microscope. The particle size 
distribution during various chemical operations of tho Soparationo Process are 
illustrated in Figure KH-9A2354. The data reveal the abund.ari'ce of sumicronic 
particles e.nd the similarity of distributions during various phases of the 
chemical process. A geometric mean of 0.2 micron in ea.ch case is readily ob­
served -when the data are plotted on log-probit pa.per as shown in Figu.re KH-9A2354. 
An average of 10 analyses during all phases of the proceso as shown in Table 1, 
indicated a geo:ir.etric mean of 0.2 micron and a standard deviation of 2.7. Since 
the limit of detection v.ith the light microscope is 0.1 micron, it was felt e.t 
the tix:le that the true goo::::ietric mean was leas tr.an 0.2 micron. This feeling was 
later subste.ntia.ted by electron microscopic analyses of.the filter aa.ni:ples and 
by a.utora.diographic studies of the radioactive particle size distribution • 

TABLE 1 • 

··- ·-· --- -· SIZE DISTRlBUTIONS OF PARTICULATE MATERIAL 

Repetitive Se:parationa Geometric Moan, 
Run .OJ??ration microna Stand.a.rd Deviation 

1 Diaoolving 0.2 2.5 
1 Dissolving .2 3.1 
2 Dissolving .2 2.9 
2 Dissolving .2 .2.7 
3 Dissolving .2 2.6 
3 Dissolving .2 2.6 
4 Head-End .2 2.5 
4 Ho ad-End .2 2.3 
4 Extraction .2 '2.9 
5 Extraction .2 2.4 

The modifiod caoccde impa.ctor with n molecular filtor pnpor in tr,.u fifth 
ataga vaa uoed to detornino a rolutionahip botwoon ;pnrticlo o:!.zo and activity. 

•• ....... ... ., u ti ... u •• •• .. •• 

... • '1, • I ., .. .. .. 
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Even ~ith flow rntea of 34 l/min through tho imp~ctor, nearly nll of tho activity 
was depooitod on the moluculnr filter pnpcr, ~ndicating that moot of the activity 
was compo3ed of or deposited on sub-micronic pa.rticloo. 

· Autoradiographic techniques were investigated to determine further the re­
lationship between particle size and radioactivity. A stripping film te~hnique 
similar to the methods employed by Lo.' Riviere* and Boyd** indicated the preocnco 

·of many sub-microocopic particles and the need for electron microscope studies. 
Samples were analyzed under the electron microocope at the General Electric 

~esearch Laboratory. Silicon dioxide was evaporated on a small section of the 
Millipore filter, under a vacuum of 0.1 micron of mercury. This section of the 
filter paper was then dissolved in acetone. Upon hllrdcning, the silicon retained 
an impresoion of the surface structure of the filter and served to hold the 
sample particles in position. The electron micro-graph of an unexposed filter 
paper uced for control purposes is shown in Figure 1121212·. The surface of the ' 
Millipore :filter paperr under a magnification of 15000 is seen in this electron 
micrograph. The electron micrograph of a portion of an expoocd filter paper 
which had a geometric meo.n and standard deviation under 1ight microscope studies 
similar to those previously indicated, is illustrated in Figure 1121213. The 
nutlber of particles in the range of 0.01 to 0.05 micron are far in excess of 
those greater than 0.05 micron. The true geometric mean, then, is closer to 
0.05 micron tha.~ 0.2 micron as determined-under the light microscope. 

ISOTOPIC DE:rERMIN.ATION OF FISSION PRODUCTS DISCHARGED FRO~ PILOT PLANT STACK 

Knowledge of the isotopes contributing to the discharged radi.oactivi ty was 
an important requisite in this investigation. · The biological effects and con­
sequently the maximum. permissible concentrations depend not only on the level or 
radioactivity, but also upon the body metabolism of the e1ements that comprise 
the activity. To determine the maximum permissible concentration that may be 
discharged from the Pilot Plant stack, the activity was iaotopically analyzed 
during all. phases of the separations process for several repetitive runs. 

ISOTOPIC DETERMINATION OF FISSION PRODUCTS COLLECTED IN"TBE PARTICUIATE FORM 

The isotopic c0t:1position o:f the ·radioactive particulate components pre~ent 
in the ef:f'luent was determined by radiochemical a:n.alysea of the Hollingsworth 
and Vose, type H-70, filter papers. These filter papers are uaeu as.the particle 
collecting media in the health physics stack monitoring system. 

R·o.diochemical analyses of' the filter paper samples collected during all 
phases of' the separation process revealed trot tbe ruclioactivity emitted fro:n. 
the Pilot Plant otack in the particulate form was composed of the rare earths, 
ruthenium, zirconium, niobium, barium, strontium, and iodine. 

*USNRDL-342, "An Autorudiogru:phic }~othod of Detecting and Identifying Bota­
Activa Particles in a Heterogonooue M::Lxturo," by Philip D. IaRiviere and Sto:phen 
K. Ichiki, April 1952. 

**UR-209, "Strlpping Film Toc1miqucs for Hiotologice.l Autorad.iogra.phu_." by 
Georgo A. Boyd and Agnoa Williruna, May 19lt8 • 

. ' ........... . 
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During the initi~l analyooo of the stack effluont, ae:paro.tiono proceoo 
operations without variation in proceduroo wore ropeutod. Thooe proccooco wore 
cai.led ropetitive runo. Tho rolo.tivc proportiono of botn-go.mma cmittine rndio­
ieotopoB discbnrgod in tho :Particulo.te form during ouch of the chcmico.l opera­
tions for seven repetitive runo and several non-ropotitivo runs were W1Ulyzod. 
J.:JJ. a.nalyoio of the third repetitive run ia shown in Figure MII-9A8127. The ro.re 
earths prcda.u.inated throughout nearly all of the ope"t"o.tiono, representing frcrn 
approximntely 50 to 80 :per cent of the po.rticulo.te activity during the diBoolv­
ing and extraction phases. Ruthenium-106 contributed the greatest portion of 

,. the pa.rticula.te activity during the head-end operations and, in moot instances, 
exceeded the rare earths* duri~ the first part of tho diosolving and latter pn.rt 

. of the cake dissolution o:poro.tions (the third repetitive run shown here was an 
exception). Tho cake dissolution operation usually takes place foll~~ing the 
extraction cycle but it is physically a part of the head-end. Niobium was 
emitted in varying amounts during all operations, repreocnting from less than 1 
:per cent to approxin:ately 50 per cent of the particulate activity. Zirconium 
represented less than 10 per cent of the activity during all operations except 
the cake dissolution. During the cake dissolution zirconium. reached a maximum. of 
20 to 25 per cent of the :particulate activity. Strontium contributed from ap­
prcxi~~tely 5 to 20 rer cent of the activity during nearly al1 of the dissolving, 
extraction, and cake diaoolution operations of the third and fourth repetitive 
runs. The strontium. component was as high as 40 :per cent during· the extraction 
cycle of the fifth repetitive run. 

The relative proportions of the particulate fission products discharged 
during 5 repetitive and 2 non-repetitive rims are listed in Table 2. 

The rare earths and Ru-106 composed the la.rgest portions of the total pe.r­
. ticula.te activity during repetitive and non-repetitive runs. The per cent rare 
earth particulate activity in the stack effluent appears to be reduced signifi-

. cantly when the cooling time of the slugs are reduced from 95 to 85 deys. Some 
variations in the isotopic percentage of activity discharged, however, are at­
tributable to the variation in the decontamination factors obtained during dif­
ferent runs. During the dissolving, head-end and extraction operations, on the 
average, 5, 85 and 10 :per cent, respectively, of the total particulate activity 
waa discharged. • . 

ISOTOPIC IDENTIFICATION OF VOLATILE MATERIALS IN STACK EFFLUENT 
• 

! The total volatile activity, excluding the radioactive noble gases, col-
lected in tho caustic scrubber cooprieed lees thn.n l per cent of the total ac­
tivity' discharged from. the stack during all re1">etitive and non-repetitive runs. 
Analyses of the conta."n.inn.ted caustic solution revealod varying percentae;es of 
I-131 and. Ru-106 collected in tho· scrubber during operating phases. The volatile 
components Kr-85, Xe-133 and Xe-135 detected by the constant air monitor coo­
prised the majority of the activity discharged from the stack. Detail analyses 
of' the percentage CC:llJOBition of these volatile materials di.iring pb.asea of the 
separations process ere given in KAPL-814 and KAPL-863. 

*KAPL-814, Semi-Annual Progreso Report of Radiological Development Activ-
1tiea 1n the Health and Safety Unit, Jnn.-June 1952. 

,• ... "'"" .. •• 
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TABIE 4 ·. 
~!MUM PERMISSIBIE CONC~"TRATIONS m A.IR AND STACK EFFWENT 

Max. Percentage in MPC in Air, MPC in Stack, 
Ieotone Stack Effluent µc/cc µcLcc 

-~ 

Beta-Gamma 

Kr-85 + Xe-133 + Xe-135 '- --·--- -- 99 4 x io-6** (body) 4 x io-4 
I 

Rare Earths & Y-91 14 7 x io-9* (bone) · 5 x io-6 

Bu-106 20 3 x lo-8* (kidney) 2 x io-5 

Ru..:103 50 2 x lo-7*** (kidney)· 4 x 10-5 

Sr-89 1 2 x lo-8* (bone) 2x io-4 

Zr-95 l l x io-8*** (lung) l x lo-4 

Nb-95 4 4 x io-7* (bone) 1 x io-3 

Ea-140 -,· l 6 x io-8* (bone) <6 x io-4 

I-131 l 3 x io-9*' (thyroid) 3 x _10-5 

Alnha 

?u-239 100 2 x io-12* •(bone) 2 x io-10 

. - ... -.. - -- - - .. -· ···- -- -·· - -- ·-- .. -- . 

*MP.C listed 1n National Bureau of Standards Ra.ndbook 52. 
**HPC lioted in liandbook 52 or calculated using fornru.la in liandbook 52. 

*i:*MPC cr.lculated.. using formula. listed in Handbook 52. 

. ' ~ -~· .. -·· -: ~-- - . 
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1. AEROSOL INVESTIGATIONS 
I 

FOREWORD 

I" 
I 

H. F. Johnstone 
Technical Director, Contract AT(30-3)-28 

I . 
Engineering Experiment Station 

University of Illinois 
Urbana, Illinois 

At the air Cleaning Conference at Ames in Sopteraber 1952, reports were 
given by the Illino~s group on the f'undamental investigations on aerosols which 
were being studied at that time. The following reports have been prepared by 
the members of the research staff to shaw the 1Jtntus of the current work. 

Most of the work on the contract at Illinois is carried on by grad.ue.te 
students in Cheo.ical Engineering. Theoc men o.re being trained in research 
:methodo and in the applications of physics and mathematics to aerosol technology. 
Ey vorking as a group, they have the advantages of using standardized procedures 
and of group discussions. Of those who have completed their work, several have 

.taken positions in university and industrial laboratories where they have con­
tinued their interest in f'undamental and practical aerosol problems. Because of 
the need for greater knadledge in this field of science in this countrJ, it is 
felt tba~ the training of scientists is one of the important contributions.of 
the work. 

All of the work on the project is not supported diJ;ectly by the .AEC con­
tract. A part oi' it is being carried on in the regular graduate thesis progra;;:i 
in Chemical Engineering. The work of Mr. Ii. F. Kraemer on properties of charged 
aerosols i'alls in this cateeory. During the past year, the Chemical Cor?s, 
through Contract No. DA-18-108-CML-4789, has expanded the investigation on the 
theory of filtration of very small particles. 'Ihis work is being curried on by 
Dr. C. Y. Chen, a Research Associate in the Engineering Experitient Station. 
Since those studies are related to the f'unda.:nente.l properties of aerosols, they 
e.re cururnar-ized here f'or the interest of' thooe in tho AEC who are concerned with 
aerosol work. 

Dul·ing the year, one phase of the theoretical studieo and ~ne experimental 
program were co::npletod. Tho results were reported in two technical reports as 
i'ollowa: 

"I. The Role of Po.rticle Diffusion o..r1d Interception in 
Aeroool Filtration; II. v.;)tcrmination of: the Drag on a 
Cylindrical Fibor o.t La..r Roynold.D NUI:lbcr". Technical 
Report No. 8, Serial No. S0-1009, Jununry 1, l953i cf. 
al.so errata ohoot insuod with Technicnl Report No. 9. 
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"Pnrticlo Size D1otr1but1.on in Hygroscopic Aoroaolo" ~ 
Tecbnicnl Report No. 9, Serial No. S0-10101 Mny 1 1 1953. 
Thia work vno prooontcd at the Sympooium on Fumco ond 
Mists at tho meeting of the American Inotitute of Chemi­
cal Engineering in St. Louie, in December, 1953; the · 
J?a.rer vaa published in Chemical Engincoring Prog;reos 
S;,rmposium Sorioo. 
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TURBULENT DEPOSITION AND TEE BEHAVIOR 
OF DEPOSITS OF SOLID PARTICLES 

by 

S. K. Friedlander, Research Assistant 

When a gaa containing particles flows in turbulent motion past a surface, 
some of the particles are deposited even though there is no net velocity in the 
direction of the surface. Thia turbulent. deTiosition results from the fluctuating 
velocity component nor::nal to the collecting area. It occurs in the movement of 
aerosols through straight ducts, through diffuser sections, and on any body whose 
boundary le.yer becomes turbulent when passing through a gas containing particles. 
It undoubtedzy contributes to removal in such devices as cyclones and cyclone 
scrubbers o:perat~d at high levels of turbulence. · 

In essence, turbulent deposition is a form of inertial removal in which 
sudden gusts of fluid move ta~ards the surface, change their direction, and 

· thereby cast out the particles which they carry. There is no real distinction 
between this pheno::nenon and impacti_on. For example, when a turbulent go.s flows 
pa.st a flat surface, the motion of th~ eddies toward the surface can be thoug!lt 
of as a series of impactions on flat plates, for which we have experimental end 
theoretical data. Similarly, a spherical water droplet moving out of phase with 
an eddy probably removes particles from the surrounding aerosol.by i.I:lpg.ction. 
The difficulty in a theoretical ar...alysis of.turbulent impaction derives fron our 
inability in most cases to characterize the velocity a.nd sea.le of the turbulence. 
However, since im.raction is the mechanism of deposition, the important parameter 
should be the inertial group (2): • 

t 

vhere 

'11 = ---
18µ. de 

C = Cunningham. col"'Z'ectio~ factor 

Pp = particle densi~y 

Ve •.~ddy velocity 

d • some characteristic length 

µ • gaa viacooity 

.c!p • particle dirunetor 

\ 
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By studying the effect of theoe var1ableo on turbulent deposition, one should at 
leaqt be.able to correlate experimental dllta, although prediction of reoults 
~rom theory ia more difficult. 

EQUIPMENT 

In order to study turbulent deposition and the behavior of depoeita of 
solid particles, the equipment outlined in Fig. 1 was set up. The aerosol em­

.• . ployed vas carbonyl iron powder (Grade SF) manufactured by the Antara Chemico.la 
• .Division of the General Dyeotu.ff Corporation. According to the manufacturer's 

catalog, the mass median diameter of the :particles was 3 microns with a geometric 
standard deviation of about 1.4. This materiel wan chosen because the particles 
are quite spherical, easy to see under the microscope, and easy to disperse. 

·Tests di.sclosed that about 10 percent of the :particles were agglomerates e.nd 
moat of these were doublets. It has tho disadvantage of a density. (7.8 g./cc.) 
considerably higher than that of the usual aerosol :particles. 

The iron powder was placed in a brass "boat", about 1 1/2 f9et long, wnich 
was pushed forward by a threaded steel rod of similar length attached to the 
shaft of a sma.J..l 10 rpm. motor. In this way, the J_)Owder vas fed at a steady 
rate to an atomizing nozzle. In order to remove the larger particles and in­
crease the homogeneity of the aerosol, a 1-inch cycione vas installed after the 
atomizer o.nd before the mixing chamber leading to the se..::.:pling tube. The aerosol 
concentration was determined by passing a known volume of air from the sampling 
tube through a. M.tllipore filter (Lovell Cbemical Co.). The znai11 body of air 
passed through a rote.;ncter and was expelled from the system.by a Roots-
Connersville blower. --

Two sampling tubes have been used up to the present, one 5.~- mm. I.D. and 
the other 13 mm. I .D. Both tubes were of thin wall Pyrex, and -each was g:::-ound 
at one point to permit observation of the inner wall us~ng a microscope with an 
oil immersion technique. The observation points for the 5.4 and.13 mm. tubes 
vere placed 50 and 30 diameters, respectively, from the ~ntrance, to minimize 
entrance effects. In order to rostrict tbo tests to a known :particle size, only 
those particles with diametero ranging :from about 0.6 to 1 micron were counted 
both on the Millipore filter (for determining concentration) and on the tube 
wall (for determining cepoaition), and a mean. particle aize of o.8 microns was 
assumed. 

RESULTS 

In general, when pnrticlos deposit on a. surface, tvo ate.gee can be recog­
nized. In tho £irst, the indivi~ual aerosol :particles scatter ubout the surface 
and, unless the velo~ity is hJgh (above 100 ft./sec.), there is little re­
entrainrr.cnt. In tho second stn~a, as a ronult of incro~oed depooition clu.:nps of 
particles appear fl.'1.d parts of these r.rIB.Y brco.k away, evc::i at moderat.e gas veloci­
ties. Since the fir3t staco ooemed more rur:.onable to inveotigation, it has re­
ceived moot attention in our oxpori~ontal work. 

Tho dopooitiou rate was churactorized by defining e particle transfer co­
efficient, k, wit~ the dimonoiono of cm./min. . -

.. ·. --

..... , ....... _~~"'~'""""~.,~ ••• , .. _.,._, _____ ... ,_..,.._ •• _II _____ .... _,_, ____ _ 
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. k c N/c 

N = dopooition re.to, pa.rt_icloa/(cm.2)(min.) 

c = particle concentration, ~ticles/cc. 
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.. ~ plot of this coefficient as a function of velocity for both experimental tubes 
is shown in Fig. 2. The de.ta for both tubes fo.ll esscntin.lly a.long the same 

.• line. Most evident, hOW"cver, is . the extreme effoct of increasing velocity on 
the tranofcr rate which is proportional to v5. The cauoo of this extreme veloc­
ity dependence is not certain although a somewhat oim.ilar effect is found for 
in:paction on flat plates (1). In passing, it should be noted that at the very 
high velocity (180 ft./soc.) in the srao.ller tubo, 2.5 percent of the particles 
were removed :per inch of duct length. 

Larger particles (those above 2 or 3 microns) appeared to.have _a greater 
te~dency to deposit than the smaller sizes and this tendency would be predicted 
:from the impaction mechanism; however, the lart;er particles are also reentrab.od 
considerably faster since they project into the higher velocity region.s of flew. 
Thuo at higil velocities, the initial deposit consiotod mootl.y of ama.11.Gr parti­
cles. This ef~ect has also been noted by Rumpf (3)~ 

REF.ERENCES 

l. Ranz, W. E. and Wong, J. E., "Jet Impactors for Determining the Particle 
Size Distributions of Aerosolo 11

, Eng. Expt. Sta., University of ID..inoia, 
Tech. Report No. 4, Serial No. S0-1004, July 31, 1951. 

2. Eanz., W. E. o.nd Wong> J. E., 11 Impaction of Du.st and Sn:oke Particles", Ind. 
Eng. Chon. !f:.4, 1371 ( 1952). -

3. Rumpf, R., "The Fo:-mation o:f Finely Distributed Substances on the Walla of 
.Pipe Lines", Chemie Inz;eniour Tech.nik, Pa.rt 6, :p. 317_1 (19.53) • 
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COLLECTION OF AEROSOLS BY FIBER MATS 

by 

James B. Wong, Research Assistant 

A major class of aerosol filters consists.of beds of individual fibers. 
The efficiency of collection and the pressure drop are the important practical 
considerations in tho denii;n of these fibrous filters. An understanding of tho 
mechanisms by which tho particles are collected on isolated cylindero and the 
flow pattern e.round the cylinders is fundamental in the donign. In view of the 
several mechanisos of particle collection, it is best to investigate them in­
dividually. In the present work, em.phaois is placed on the mechanism of inertial 
impaction. This mechanism takes place when a particle approachins a fiber 
crosses the streamlines beccuse of its inertia and strikes the surface of the 
fiber. . 

·The work is divided into two parts. Part I deals with the impaction of 
aerosol particles on single cylinders (metallic wires) with axes perpe~dicular 
to the direction of the aerosol flow. Part II deals with the collection effi­
·ciency and the pressure d;r"op of fiber mats. 

-
PART I. IMPACTION ON s:rnam CYLINDERS (ME'rALLIC WIRES) 

The theory of i~paction of particles on circular cylinders with their axes 
perpendicular to the direction of flow bas been studied by Seil. (12), Albrecht 
(;!J, I.angi:.uir a..."'ld Blodgett (2,), Land.D.1.Ll and Herrmann (I) / and Davieo (1). De.vies 
indicates that the efficiency of inertial impaction should be a function of t~e 
inertial para.'L.eter '1r and the :Reynold.a Number baned on the die.meter of the cylin­
der. Albrecht, and La.ngi::i.uir and Blodgett predict on theoretical grounds that a 
critical value of '1r exists below which inertin.1 impaction does not occur. 
Albrecht givos 0.09 whereas Langmuir nnd Blodgett give 0.0625 for the critical 

·value •. The other authors do not indicate such a critical value. 
· Since exporimontal verification of the theoretical conclusions is lacking, 

the present work was undertaken with the purpose of ascertaining the correct 
function of the efficiency of inertial impaction and the existence or non-
exiotence of the critic al value of '1'. · 

'One-:mil a.nd 3-mil platinum wires and 2-mil and 4-mil tungsten wires were 
used as the circular cylindero. The average diameters from measurements undo:::-· 
the nicroscopa, were 29.0, 82.6, 53.1, o.nd 105.7 microns, res:f€ctively, with a 
ir.a.x.imum deviation from. the a·rnrago of less than 9 percent. Ilomogcr:oous suL..""u=ic 
acid aerosols were used in the expjriments. The neroaolo were generated wi~h a 
condonaat:ton aerosol gonorator simi.lar to tbat used by Sinclair and. I.nl1er (13). 
The particle aizes wero mcaourod with a calibrated Owl (No. G-2) obtained from 
the U~ S. J..:rrr:y Chemical CcrDo. The acid concentration of the aeroool was de­
tor;ainod by collecting a woighnblo que..~tity of the ~rticlea in the cup of n 
high, velocity impactor (11) and analyzing th3 contents of the cup by ti trnting 
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'W'ith 0.1 N oodium b.yd.rox.ido solution. 
Tho ex~rimonto.l. procedure included genoruting a homogeneous sulf'uric acid 

aeroaol of tho doairod po.rticlo size, impacting the aorosol po.rticleo on the 
'W'ire which wus perpendicular to tho direction of the noroool flow, collecting 
the remaining particlco in a glass r1bor filter train, end W18.lyzing the am:ou.~t 
of acid collected on the wire. In ordor to collect enough acid on the wire for 
accurate analysis, a brass drum which could be rotated wao attached to the top 
of the impuctinG nozzlo and about four foet of wire waa unwound from the drum to 
pass through the nozzle during a run. The wire, after being exposed to the 

.• aerosol at tho nozzle throat, was passed down into on 8-mm.. Pyrex glass tube. 
At the end of the run, conductivity water was used to wash off the acid :particles 
impacted on the wire and the quantity of acid was determined by measuring the 
concentration of the wash solution with a precision conductivity bridge and dip· 
cell which accurately: indicated concentrations as low as lo-6 N. From the quan­
tity of acid impacted on the wire and the total e.monnt of acid-in the aerosol 
passing the nozzle, the efficiency of impaction could be calculated. 
. Figure 1 shows the experimental impaction efficiencies on the four wires. 

· The range of variables represented are~ np, diameter of aerosol particles, C.56 
_ ·to 1.40 microns; V0 , velocity of the aerosol stream passing the wires, 400 to 

5100 cm. /sec.; and Reynolds Number (NRe = De V0 P/µ) based on the measured wire 
diameters, 13.0 to 330. The density of the sul.fu.ric acid particles, Pp, was 
substantially constant with an average of l.48 g./cc. C is the Cunningham cor­
rection factor and µ is the viscosity of the gas. 

In the ranges of particle die.meter and aerosol streaJn velocity employed in 
the.ex:periments, collection due to the Brownian diff'usion was negligible. Col­
lection by electrostatic forces was improbable since both the aerosol particles 
and the wires were uncharged. Gravity settling should also be unimportant with 
the wires in the vertical position. The collection due to ·interception was esti­
mated to be less than 10 percent of the total collection in all cases, and thus 
had very little effect on the sbape or position of the resulting efficiency 
curve·. The curve drawn through the points in Figure 1, therefore, represents 
the e..-q;ierimentaJ. efficiencies of :inertial impaction. 

The experimental curve is S-sha:pe, characteristic of the inertial impaction 
mechanism on surface a.'ld body collectors. It indicat~s a critical value of ..f ~ 
of a:pproxirr.ately 0.25, below which impaction does not occur. At high values of 
the incrtie.l parameter, the curve appears to be asymptotic to the value of T/r = 
1. The accuracy u.nd. reliability of the results depena largeJ.y on the homogeneity 
o.f the particle size and the accl~rncy of' the p.?.rticle size measurements. The 
impaction efficiencies wore reproducible in terms of ..f 'lt, in view of the ten­
rold. variation in velocity, the three-fold ~ariation in particle size, and the 
inaensi ti vi ty of the ()'...rl for detecting small vario.tion:n in the :particle size. 

Comparisons of the d.'.J.ta for the wo platinum wires show that the higher the 
Reynolds Ntiz..?er, the higher is the impaction efficiency for the same value of 
the inertial pararr.oter. The· same observation can be t:.3.do on .the two tungsten 
Vires. Thia agrees with the theoretical conclusions. Comparison of the dato. 
"£or the 1-::iil platinu:n. 'Wire with thor.rn for tho 2-mil tungsten wiro, and the data 
ror the 3-mil platinum wire with thooe for the 4-mil t";.lllgsten wire, however, 
show opposite offecta of tho Reynolds Number, i.e., the impnction efficiencies 
on the 3-mil wire nt lower values of the Reynold.a Nw:ihe!r e.re generally higher 
than those on the 4-:c.il wire for corresponding value of ..f V.f • The expla.'1ation of 
this ia not npparont. When those wiroo woro oboorveQ undor the microoco~o, it 
Yao noted that the aurfaco of tho ;plntim.:.m. wire waa ::::.::ch omootho:i: tbrul tiiat of 
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the tWlgOten wire. Poooibl.y the acroool par~icloo adhoro to tho aurfnco of the 
plD.tinu.:n better tha.n to tho tune;otcn wire. 

. Figure 2 ie a plot of the oxporirr.ental inertial impaction efficiency curve 
togother with the various thcoroticnl curvoo proposed. The experimental curvo 
agrees closely vith that calculnterl by Landahl and Herrmann based on Thom'o 
flow lines for the RoynoldJJ Number of 10, up to {'1! = 1.4. For values of {'It 
between 0.4 and 1.2, the data indicate impaction efficiencies somewhat a:rw.llcr 
than those ohmm by the curve of Langmuir and Blodgett and considerably smaller 
than the values of Sell, and of Albrecht. Thio 1~ to be expected since the 
curves of Langmuir and Blod.¢ett, and Albrecht were baood on the potential flow 
-of an ideal fluid, and that of Sell we.a based on an observed flow pattern ob­
tained at l.aree values of the Reynolds Number on a 10 cm •. cylinder. No compari­
aon can bo made with Davies' theoretical curve since it was based on viscous 
flow at a Reynolds Nu:::her of 0.2, far below the range attainable wi.th the method 
used in tho axperiment. 

For values of ./\II greater than about 1.4, the experimental efficiencies are 
higher than those according to the curves of Langmuir and Blodgett, and Landahl 
and Eerrm.unn. The reason for this discrepancy is not entirely clear. One point 
to be noted is th.at, for high efficiencies of inertial inpa.ction, i.e., effi­
ciencies approaching unity, the :particle trajectories must be nearly :parallel to 
the direction of flow end the particles must cut across the streamlines upstree.r;i. 
of' the wire where the strea.ml.ines begin to spread. In step-wise calculations of 
particle trajectories, it is not practical to start the calculation more than a 
few die.meters (of tho collector) upstream. It is possibJ.o that errors introduced 
by this could cause the ca.lculri.ted impaction efficiencies in the.high. efficiency 
ranee to be lower than the correct "values. . 

The critical value of { '1' at approximately 0.25 shown by the ex]?erimental 
impa.ction e~ficiencies agrees vith the values of 0.3 and 0.25 explicitly stated 
by Albrecht, and Langmuir and Blodgett, respectively. The curve of Land.ahl and 
Herrmann also implies that the efficiency of inertial impaction is negligible at 
the value of .f~ leas than 0.25. · 

PAHT II. COLLECTION EFFICIENCY PJ:j~· PRESSURE DROP OF FIBKa MATS 

The theory of the collection of particles on fibrous filters ha.A been 
studied by Albrecht (1), Langmuir (8), and Davies (3). Albrecht's theory ia 
baoed on the potential flow of an ideal fluid, a condition very different from 
viscous flow which ordinarily takes place in these filtero. Langmuir's theory 
takes into account only two mechanisms of collection, in~erception 8J1d Brownian 
diffusion. The experizontal date. of La.Mer (6), and Ram.skill and Anderson (10) 
shcrw that the mechanism. of inertial 11:.paction alno plays an important part in 
the collection efficiency of these filters. However, these authors have not 
evaluated thin mocbanie::n qua.."'lti tativel;y. Davies' theory takes into account all 
of the major ~ccb.ruliom.o of particlo collection. Ro pro:poaod an equation derived 
on theorotical crounde for the efficiency of the fiboro ~n tho filter. The 
present work weo conducted with tho purpose of evaluating quantitatively the 
mechanism of inertial impaction. 

Preacurc drop acrooo fibrouo media has beo.."'l. studied on the basis of tho 
hydraulic re.diuo concopt of Kozeny (:?J and Co..r..:..:."'..D. (2). Davies (;i) studied the 
problo~ by d.b:onaioD.LJ.l o.nn.lysis. n,arnll (4) a.nd Lar1.;mu::r (8) dorivod thoo:·eti­
cai o~uations for the proosuro drop. The concluaiono or theno authoro arc not 

.:. 
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in good.agrcc:ncnt. Another object·of the preaont work wno to teot tho propoood 
equations experimentally. 

By asou.~ing (a) all fibers in the filter mnt nro perpendicular to ·~he di­
roction of flow; (b) tho fibers do not interfere with each other; o.nd (c) the 
ends of fibers have ne~ligible effect, tho follariing equntiona have been derived 
for the coll.ection efficiency and the pressure drop of the fiber mat: 

i 

where 

ca~) 
7iDf 

h 
71 mat :> 1·- (!ih/No) = l - e 

".) 

hen 2PV'o a 
AP = 

7f Df 

71 mat = coll.action efficiency of the fiber mat 

NhfN0 = fraction of particles :penetrating the_ mat 

a i:: fiber volume fraction, 1. 6., volumo of fib_ers ;per unit 
volume of mat 

Df = diameter of fibers in the mat 

h -= thl.clmesa of the mat 

p : density of the gas 

(l) 

(2) 

Vo s: volur::.etric velocity o:f tho e.eros·ol streo.m passing the n:at 

• 71 • total efficiency of the singl.e fiber 

Cu • drag coefficient; on the single fiber 

In actual fiber I:!B.ts, none of these aoaumptiona in completoJ...y justi~ied. The 
approach followed in the preoont work was to use tho oquationo na banos for cor­
ral.a ting the exp:Jrimental d.nta., incorporating all of the e1"focts which wore not 
already tuken into account as an offoctive fiber efficiency_, ~e, and an effective 
fiber cl!'ag coofi'icient, CJX:i, instead o:e TJ and CD in the oqu.uticns. 

Tb.o fiber ~ts uood DJ. tho preaunt work wore . .fo:.rmod :rro-.1. three typ-::is of 
glaso 1'1bero .r::.n.C.o by Glasn F:l.bers, Inc., Toledo, Ohio, unhanded "B" fibers, "450" 
yarns, and "150" yc.....""'D.o. Tho diru::.otoru of the f'iborn woro :oen.sured under tL.e m­
croacope and woro found to uveruge 3.51, 6.24, and 9.57 microns, respoctivoly. 
Tho muta -wore fo1"7...od by Arthur D. Little, Inc., Cfl..:n.bridse, Hn.aBo.chusetts. Four 
bulk donsities of a:pJ?rox:ir.:n.toJ..y 1.0, 1.3, l.6, a~d 2.0 g./cc. wero for.mod f:roQ 
ea.ch tyJ?O of fibor. Tho thicl::naBu of tho mn.ts rangod fro:n. 0.13 to 0.22 c::i.. 

Moat ~to -woro unifo~ uftcr tho binding up:ont hu.d boon bu.mod off. 

. : . . ' . ~ ; .. 
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tion of flcr.r was grouter than. for fibers porpondiculur to the flow. It is con­
cluded that tho pronnuro drop ncrono fibor :mn.ta can be correlated on the bo.oia 
of tho effective fibor drag coefficient • 

." From Equations 1 and 2 and the resulto of the experimental vork, the opti­
mum fiber mat can be derived for filtration of aerosols in the range 1n vhich 
inertial impaction ia the important mochu.nism of collection. 
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flG. 3. EXPERIMENTAL EFFECTIVE FIBER EFFICIENCIES 
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FILTRATION OF SUBHICRON SIZE AEROSOI.S 
BY FIBROUS MEDIA 

by 

C. Y. Chen, Research Aosociate 
Chemical Corps Contract No. DA-18-108-CML-4789 

The object o~ this research is to study the filtration of aerosol particles 
through a fiber mat both theoroticalJ.y and experimentally. Much work has been 
done on the development o:f new :filter material and on tho measurement of penetra­
tion o:f aerosols through filter :material, but not much has been done on the the-

. oretical prediction of the penetration of filter materials and on the experinental 
study based on the theoretical prediction. The present study is along this line. 

THEORY 

For filtration of uncharged aubmicron size aerosols with uncharged filtering 
·medium, tho particles might be removed either by inertial impaction, direct in­
terception or Brownian diff'usion. To study the filtration of aerosols by fiber 
mats, it is necessary first to learn the filtration or collection efficiency of 
a single fiber which composes the ma.t. 

For single fibers, the efficiency of collection o:f aerosols (77) by any n:.ech­
anism can be expressed as the ratio o:f the croGs sectional area of the original 
stream from which particles of a given size are removed because their trajectories 

· intersect the collector surface to the projected area of the collector in the 
direction of flow. The efficiency of collection by inertia il:lpaction is a func­
tion of 'i1 =(Cpp dp2 v)/(18µ ~) and NRei by direction int~rception, ~ is a function 
of R = C}-p/~ and NRe; and by diffusion, Tl is a function of D = Dm.r/v dr a.n.d NRe. 
The collectio:i. by inertial impaction and difi'usion increases with 'If and D, re­
spectively, and always increases with increase of Nne· The importance of ·direct 
interception increases with increase of R and decreases with increase of \It and D. 

Not ciuch experi~ental work ha.o been done on the coll.cction efficiency of a 
single fiber especially under the conditions present during the filtration by 
fiber r.i.ata,. that is, very low Reynolds number • .Unti1 recently, the calculation· 
of collection efficiency by inertial impaction was based on potential flow which 
can hardly be in the ce.se :i.n the fiber ma-cs when the Reynold.a number is usualJ.y 
much less than 1. Davieo {l) calculated the inertial impaction and d.ii·ect in­
terception on fibers assuming viscous flow. Fror::i. his results, 77 could be plotted 
as a function of~ with R as a paro...uotor. Davios• reoults indicated t~t inertial 
ilnpaction ef:ficiency ba.2·.;d on viocous flow io much lower than that calculated 
:from potential f'low. .Langmuir ( 2) haa derived cq_uationo for predicting the col­
lection efficiency of a single fiber by interception, by diffusion, and by inter­
ception. and cliffusion co::::.bined. Ho derivod his equations .from Lru:ib 1 a equation 
for viacouo flow a.:-ound .a cylindor trnnoveroo to tho flow. Figure l shows tho 
coll.action officiency by diff·uaion and intorcoption at n Reynolds number of io-2. 
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An in~erooting concluoion from thnoo calculutiono ia tb.o.t the collection effi­
ciency due to both offocta ia hiehor than the oum of tho cfficioncioo duo to tho 
individual offocts nlono. The aumo conclusion cun be dro.wn from tho Dnvieo cul­
culo.tion of the combinod offocta of inertial impaction and intorcoption. . 

Tho ovcrn.11 efficiency duo to .inertin.1 impaction, interception ar...d diffuoion 
is vo-ry difficult.to cn.lculo.te. A ronsonnble assumption is that tho ovcrn.11 ef­
ficiency will be equal to the aum of.the efficiencies due to inertial impaction 
and interception and thn.t due to diffusion and interception. Calculated effi­
ciencies bunod on this aosumption for 2 µ and 3 µ din.motor fiber for different 

.• particle oize and velocity are shown in Figures 2 and 3. 
The orientation of fibers in ordinary fibor mats can be considered as lying 

between two extreme caoes. In the first caso, the fibers a.re dis})3rsed unifo~ 
and far apart and the neighboring fibers a.re staggered with respect to each other. 
In the second case, the fiber in each layer of mat is lined up to form a group of 
capillo.rieo. The ord'inary fiber mat with h:i.gh porosity approximates the first 
case. 

In a fiber mat of the first case with porosity approaching 100 percent,' all 
the fibers are available for collection. It is poosiblo to e.."'Cpress the overall 

··.collection efficiency of this idenl fiber mn.t as a :f'unction of individual fiber 
I 

total collection efficiency T/ as defined above. 
! 

N 4 
- ln - = - ·11· 

No 7f 

1-E L 

€ 
(1) 

This equation applies only when tb.e fibers are far apart and.there a.re no in­
terference effects between neighboring fibers. Actually, the equation is ap­
proxi.n:.::;.tely true for high porosity fiber mats. It is reasonable to e:x:riress tb.e 
neighboring fibor interference effect as a function of interfibar distance, or 
es a function of porosity only for the same type of mat within a narrO"w range of 
.Rynold.a mi....,1)er. Thus, the following equation can be used to express the fiber 
lnat collection efficiency. • 

- N 4 1-E L 
- ln - = - • .,.,. (2) 

No. 7r . <l:r 

F (E) has a limiting value or 1 for mats with porosity of 100 percent; it is 
greater thP.Jl 1 when tho po=osity decreases, u.nd has an asymptotic value for low 
:porosity lilll ts. The .function can be calculated frGI:l proonu.re drop measu.rern.ents 
across the run.t. For a fibor :mnt with porosity approaching 100 :percent with all 
tho f'ibors trensverno to the flow, the pressure drop c~ be e:x::preosed in tho fol­
lowing fonu, based on the Langmuir eCJ.uation for the drag force of ·a. ain¢le cylin-

. der transverse to the flow when Nile io leoo tbnn o;:io: 

16(1- E ) 

l::,p = ----
µL 

2 <it & 

u 
u .. 1, 

... " ...... . . . 
4 " .., I ' 

(3) 
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White (3) has shown tha.t the viscous d.ro.g force for. a singlo cylinder in E.. 

finite conto.inor is higher than that predicted by Lamb's oquo.tion for an iso­
lated cylinder. The deviation is o. function of tho ratio of tho diatonco between 
the. fibor and the container and the fiber diameter. It can be expressed as a 
:function of porosity for fiber mn.ts to account for the effect of neighboring 
fibers. Thia function also has a limiting value of one for 100 percent porooity; 
it increases to an aoyoptotic value for low· porooity mats and vill be approxi­
mately the same t"unction of porosity used above to describe tho neigbbor:L"lg fiber 
interference effect on collection .efficiency. Thus the pressure drop across the 
fiber mat can be e..-cpressed as 

16(1-E). µL 
• F (€) .(4) !lp = ----

dr2 Sc 

From this discussion, we are able to calculate the penetration of a fiber 
mat from the physical factors of the mat (thickness, fiber diame~er and porosity), 
the pressure drop across the ma.t and th8 collection efficiency of a single fiber 
calculated for th~ operating conditions (velocity, particle density and diameter). 

It is now possible to show whether a size of maximum penetration exists for 
a certain fiber mat from the calculation of the single fiber collection effi­
ciency. Table I shows the results for mats of 3µ and 2µ fibers. It is not sur­
prising from the table that the controversy concerning maximum penetration arises. 
It is simply due to the fact that only a few experir:lents have been carried. out 
under very limited experimental conditions. 

TABLE I. PARTICIE SIZE AT MAXIMUM PENETRATION 

Particle density = l g./cc. 

Averege Velocity 

in mat 
c:m./sec. 

O.l. 
1 
6 

10 
40 

100 

For Fiber Size 
3 microns 

dp 
microns 

0.52 
0.-28 
0.19 
0.15 
O.ll 
0.075 

Fo~ Fiber Size 
2 microns 

. d p 
micron a 

o.45 
0.23 
0.16 
0.14 
0.10 
0.070-

A ·Lal·~or-Sincla.ir tY]Xl homogeneous liquid aerosol generator was built for 
this otuG.y with DOI' e.'s acronol r.w.terio.l. The purticle eizo wua moaourcd ci ther 
by tho polarization "Owl", tho growth method (4), or by tho diffusion bn.ttory (5) 

· .. 
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depending on tho rongo or tho size' of tho particloo. Penetration throueh the 
mat vc.s moa.ourcd by the NnL-E3 pontromotor. 'Extonoivo :ponotro.tion m.eaourcmonta 
on air-formed B glaoo fibor mats ero in progroso. The preoont mo.to ucod contain 
a vido range of fiber size •. Some of the initial experiments indicate that the 
theory ie quite aatiofactory. . 

Table II conto.ina some experimonto.l results compared with the theor-J aaoum­
ing the dia.n:.eter of fibor is 3.5 microns. The actunl sizo of tho fiboro has a 
vide range of distribution and.the avoruge size is about 3.5 microns. 

CONCWSIONS 

. TABLE II. COMPARISON OF EXPERIMENTAL RESUL'l'S 
WITH THEORETICAL PR.'SDICTION 

!!_ glass fiber zr.at porosity 98.€J}i; thickness 1.2 cm.. 

Aerosol material: DOP; particle size, 0.30 µ 

Velocity 
cm./sec. 

26.8 
12.0 

5.33 
2.98 
l.69 
o.89 

71 
From Ex"Dt. 

2.29 x io-2 
2.61 
2.70 
2.66 

'3.85 
4.35 

Tl 
. by calculation 

based on df = 3.5 µ 

2.58 x io-2 
2.38 
2.76 
3.16 
3.48 
4.lff 

Fram the e..;::perimental. data available at the present timo, the results agr13e 
vi.th the theoretical prediction fairly well. Additional. experimental work is in 
progress. The results indicate that the penetration of a fiber mat for the first 
time can be predicted by theoretical c~lculation. Aloo 1 the developnent of a 
new filter II.B.terial can be IlW.de on a scientific basis rather than by a cut-El:!:l.~­
try method. The controversy on whethe~ a maximum ~enetration size exists has 
been s.olved by thoorotical calculations and the experimental confirmation of the 
theory will be preoented in the near f'uture. 

NOMENCV\TURE 

C • empirical correction for resistance of air to the mover:ont or 
em.all particles (at roam tom)!erature a.nd. atmoaJ?horic prosouro, 
C • l + O.lb/dp, where dp is purtir.:lo din:netor in microns). 

dp • particl.o d~ruuetor 

v ~ upstrerun velocity or avorage volocity 

·- ..... 
. ..... .... ........ .. 
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dt ~ fiber uiar~otor 

D.aM = Brown.ion diffusion coofficient of aerosol particl~a 

N/N0 = fraction of :penotrution .of aerooo~ through fiber mat 

L = thickness of fiber mat 

llP • pressure drop acroso fiber mat 

lb. ma.so x ft. 
Sc = conversion factor, 32.2 ~~~~~~~~ 

lb. force x sec.2 

F(€) = a f'unction of porosi'ty representing neighboring fiber inter­
ference effect 

D = diffusion parameter, 
.· v df' 

R = interception parameter, dp/dr 

' . CPp d-p2 v 
'1t = inertia parru!l.eter 

i -, 
Pp = particle density 

P = fluid density 

.µ = fluid viscosity 

18 µ dt 

/-

~-collection efficiency of a single fiber 

€ • porosity of fiber mat 

• 
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INFllJENCES OF ELECTROSTATIC FORCES 
ON THE DEPOSITION OF AEROSOLS 

by 

H.. F. Kraemer 
Ethyl Corporation Fellow in Chemica1 Engineering 

In recent years aeveral studies have been made on the·mechanisms by which 
particulates can be removed from an aerosol. Al.though emphasis has been placed 
~n the inertial ~echanism of collection, the effects of small electrostatic 
charges on the aerosol particles and on the coD.ecting surface m.ust not be over­
looked in promoting the collection efficiency. Many natural aerosolo are elec­
trically charged, as are some collecting surfaces such as the fibers in a resin­
vool filter. Uncharged surfaces or aerosols readily can be given an electric 
charge, thereby increasing the separation of particles from the aerosol. 

The.utilization of electrostatic forces in promoting aerosol deposition may 
be advantageous in several ways. The foremost advantage is the high collection 
efficiency (based on projected cross-sectional area of the collector) that is 
possible. Althou[;h a collection efficiency of more th.a..~ 100 percent is not pos­
sible when only inertial forces are used, efficiencies of 10,000 percent or 
higher may be achieved if both the col..lector and the aerosol are charged.* The 
collecLic;:, efficiency using electrostatic forces remsins high even for eub­
micron particles; although inertial forces in this case may be negligible. 
Another consideration is the fact that electrostatic mechanisms of collection 
require low aerosol velocities of flow across the collecting surface. The pres­
sure drops in the system conse~uently will be much lower than would be the case 
for sinilar collection by the inertial mechanism. 
. . The purpose of the current research is t-o investigate the mechanisms of 

aerosol dopos·ition under the influence of electrostatic :forces and to indicate 
_the conditions a.nd ty~s of equi~ment wherein electrical charging may be bene­
ficial. 

~ORY 

Studies are being made of the motion of a·cbnrge~ aerosol particle flowing 
past· u sinclo sphcrjca.l collector Figure 1. ·The collection efficiency can be 
calculti.ted theoreticaD.y if the outeri:..ost limiting trajectory io known for tho 
aerosol particles just grazin3 the collector. 

The differential equations of motion of a single aerosol particle approach­
ing the sp:c.i.erictl colloctor a=o glven in Figure 2-. The equations are derived 
tram force balances of the fluid rusiatance and of tho olectrostatic·forces of 

' I 

*The collection officiency ie defined an the fraction of the aerosol re-
:r::::.oved. frc-:n. a -;.ube of ga.a eubtond.od by the collocting obstacle as the gas flows 
:po.st. 
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attraction between (1) n chn.rccd collector and u ch.urged 'o.eroaol (po.remoter KE), 
(2) a chnrgcd collector and its i.mo.go in an unchnre;cd o.oroool po.rticlo (pura=oter 
KI), (3) a ch:irr;cd n.croool o.nd i ta imago in o.n unchnre;od collector (po.ra."1otcrs 
KM and Ks). The ocvoro.l clcctrostntic forces con be shown to bo approXD:lll.tcly 
additive. Potential flow otrorunlinos and Stokes' l.n.w aro also used in deriving 
the equntions. Since tho differential equations have been mnde dimenoionleso, 
all of the experimental vario.bleo are contained in the dimenoionlesa pnrometers 

. KE, Kr, ~1' Ks Figure 3. 
Although the solution of the two oim.ulto.neouo differential equationo is 

possible only by a numerical method, order of magnitude solutions may be obtained 
·by ignoring the bendine; of the air streamlines around the spherical collector 

and by considering only one collection parameter, KE, K1, )rs or KM, at a ti.mo. 
Tho numerical solution of the trajectory equations has been completed by 

mee.ns of the electronic digital computer, the ILLIAC. Collection efficiencies 
'W'ere calculated for a range of' values of the four parameters, KE, K1, Ks and K'f.i• 
Some of the results are shown in Figure 4. . · 

In order to interpolate between solutions obtained with the computer, the· 
collection efficiencies and the collection para.meters may be col?-"elated by curve­
fi tting with a high-order multivariate polynomial. 

! 

EXPERIMENTAL EQUIPMENT AND.PROCEDURE 

The equipment is shmm in Figure 5. A dioctylphthalate (DOP) fog is :pro­
duced by condensation of the vapor in the presence of salt nuclei. The particle 
diameter is about 0.8 ± 0.2 micron. The aerosol is charged electrica.lJ.y by pass­
ing it through coaxial electrodes in a state of corona. Charges of +10 to +Bo 
electronic unite can be obtained. A deocription of the mechanism of the charg­
ing process and or the method of measuring the charges on the a~rosol particles 
'W'as given at the Ames Conf'erence in 1952. 

The charged aerosol then flows past the sphericul collector -which i's a 7 /16" 
steel ball mounted on the end of a semi-conducting cone. The cone acts as an 
electrostatic shield around the wire connecting the sphere to a high voltage D.C. 
power supply (0-10,000 volts). Without it, the electric charge on the wire a:f­
fects the collection on the sphere. 

The electrical.charge on the aerosol is determined from the deflection of a 
strea."!ler of aerosol f'lo-wing in a transvurse electric field. The aerosol i.a 
carried .thro'J.g.h the field by an envelo:pe of moving air. The size of' the p·s.rti­
cles is measured by the "Owl" and by a. high velocity caacad.e imp9.ctor. Tho ::nass 
concentration of the aerosol is determined by_preci:pitation of a sample' in a 
om.a.ll glass and platinum Cottrell preci:pitator. 

The collection efficiency is determinod experi:rnontal~ by measuring the 
Bl:l.Oun.t of aerosol deposited on the s:phe~e und in the so.mpling Cottrell precipi­
tator. The DOP is removed from the collecting surfaces by washing with etbyl 
alcohol and the concentration found.by ultra-violet s:pectrophotomotry. Collec­
tion on the sphere rangea·f'rom l to 10 microgra.n::..s of OOP per minute~ 

EXPERJ:·~AL RESULTS 

• 

The preliminary data are shown in Figuroa 6 and 7. The inertial parn..-:;otcr '11 
is about io-6. Accoruing to theory, tho inertial forcoa should thereforo h!l.ve n 
negli5iblo effect on tho depooition • 

. .. ~-------". 
~ .J ... ~-,;I" ~ •.. 

" .. 
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T~e actual col:uction ugreco a~proximntely vith tho.t predicted by thoorJ. 
In the caoe o:f the uncharged aoroool flowing l'loar a chure;od collector, tho data 
have a high oxporimcntal variability on accou.'lt of the am.a.11 Q!llounta of DOP that 
were collected and moaoured. 

· In Figure 7 the do.ta are plotted vorsuo a modified parameter. Whenever a 
collector ia grounded, even through a·high reoiste.ncu, charges are induced on 
the collector by all the surrounding charged :particles. This induced charge 
occurs in addition to the image and void apace effects described by the param­
eters K.v. and Ks. The induced charge is calculated by an integration process and 
its contribution to deposition is combined with that of the Ks paru.."'leter. The 
combined parameter is Ks· Figure 7 illustrates data in which the induced charge 
resulting fro~ grounding the collector was the major factor influencing deposi­
tion. 

PRELIMINARY CONCIUSIONS 

A practical application of electrostatic forces is illustrated in the use 
of charged water droplets for collection of aerosol :part.icleo whlch themselves 
are charged by :passage through a corona discharge. An electrified wet scrubber 
would ha.ve several advantages over both the conventional wet cyclone and the 
Cottrell precipitator. Compared to a conventional scrubber, the electrified 
scrubber should provide better removal of eubmicron aerosol :particles. Con­
versely, it would require leas water and could operate at lower velocities and 
pressure drops for the same effi,ciency of aerosol removal. Furthermore, it 
vould have several advantages over the Cottrell precipitator. The precipitated 
material would be removed continuouoly on the s'urf'aces of' the spray d.ro:pleto, 
thereby el:Lrr.inating the problems often encountered in procipi ta tins dusts that 
have a tendency for reentrainm.ent. The retention tir:le in an electrified scrub­
ber wa~ld be lower than in a Cottrell precipitator because an aerosol particle 
must travel a shorter distance to the nearest spray clroplet. Alao, the e.loc­
trified. scrubber would. be operatod at relatively lower vol.tagea (1000 to 10,000 
volts) since the collection distances arc BlllELller. 

An electrified spray scrubber is now·being conatruc~ed to evaluate its 
:potentialities. , 
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- Angular Velocity of Aerosol Particle 

d6 • - (2r3 + 1) sine 
dt . 2r" 

Radial Velocity of Aerosol Particle 
- I 

(r3 - 1) 9 . (KE + . Xs) Kr 
sin - - - - XM 

a ~ :a rs r -.... __ ~.- r 

. Potential Flov vith Eloctrost~tic Forces and 
Stokes' Res1&tanco 

\ . 
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Couloz:ibio 
·x,.. • 

• J:i 
attraction 

Repulsion by 

surrounding ae:-osol 

:ir :;) 
2 ( f - l) Dp o~0 C II;.a.go f ol"co of char gad. 

3 ( C _+ 2) ;1.. Vo t o De collootor on un~rged aaroiol 

I:r.a~ force or charge"-

aerosol on uncbarGE!d collector 
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:l'IGUB:ti 3 - ELECTROS'.(l..'nC COLIZCTIOil PARA:CTEBS 

·------------------'""''"""'""''"''""''""'"''""'""''""""_..,'""'"""''"""'"''""'""'''''"''' ___ 1'11'_0 ___ Mll-ill~l-0•-••Wl .. _o_•_MI _____ _ 



.. 

·. 
·. 

,. 
' 

! • 
·, 

10,..,,_~~--....--~~~~~-'-~~~~~~~~~~------.._,... ................... ~-------...-.---

-u -l!.. 
L!.. 
LlJ 

z 
0 -t-
u 
l!J 
...J 
...J 
0 
u 

J0-3 

• .... . .... 

flC. 4 THEORETICAL COLLECTION 
EFFICIENCY - SOME NUMERICAL 
SOLUTIONS ALL PARAMETERS ARE.ZE: 
UNLESS OTHERWISE INDICATED 

K1=20------+----------

~'? 
Q;-(J 

x-~ v 

'?. 
<(-~ « 

KM= Kt 

,0 
-<.. Q;-

~Gt I -..JTi/ BY LANGMUIR 
,~v ~ 'r t. BLODGETT 

'l-(c, 
K1=0. I 

10-2 10-1 100 10 I 

COLLECTION PARAMETER KE ORA..ff{J 

102 

t.AJ 
g> 

~ 
t=l 
I 

.:J· 
0 



I e •""al 
' . (1 . .:1 

'"' ;;, f'. 
' c • r • .... . , .. 
I • . . 
, ... ,, . . 
t •• '. 

c • 
Ill ...... . . 
c • • .. . 
I • . . . .. . 
"&• • t I 

• t ••• t •• . 
.. ( .... c. c 

/ '. c.' 
~ ,; . .. 

AEROSOL 
CENERATOR 

·"' 

. 

'. 

CORONA 
CHARGER 

~000 v. 

• 

' 

COLLECTING 
SPHERE 

0-10.ooov. 
POWER 

SUPPLY 

... 

I ' 

~·· 
~ 

SAMPLES 
AND 

·EXHAUST 

rtC.5 -FLOW DIAGRAM OF EXPERIMENTAL EQUIPMENT 

I 
1, 

I 

~ 
l'.Il 
I 

~ 
0 

w 
~ 



j . 

-· 

. 
' . . . 

. ; 
. ~ . 

.... : 

.. : 

>­
u 

~ ll 
,_,_ 
l.t.. 
w 

z 
0 - I 

t-
.u L 
~ 0.1 
..J 
0 
u I 

rte. 6. COMPARISON OF THEORY AND 
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ml!teorologlcal aspects, 191 

·Air cleaning equipment 
maintenance, 17, 25 
performance, 22, 149 

Air condltlonlni; systems 
design, 55, 149, 152 

Air-sampling equipment 
d_esign, 160, 230 
pcrformance,.186, 305, 330, 335, 343 

Aircraft engines 
decontamination, 66 

Aircraft Reactor E:q>erlment 
air-cleaning facilities, 35 

An)eS L:ib. 
air-cleanfog actlvities, 165 

Arco Chemical Plant 
(See also National Reactor Testing Station.) 

air-cleaning facllilies, 36, 37, 64 
Ari:;onne incinerator 

(See Incinerators.) 
Argonne National Lab. 

air-cleaning activities, 48, 55 
Asbestos-glass filter pape• 

efficiency, 227 
Bacteria 

(See Serratlo lnd!co,) 
Berkeley boxes 

(See _Eume hoc~ and Dry box,,s.) 
Bromine 

(See Halo;;en gases.) 
Broo!:havcn National L:ili. 

a.Ir-cleaning act~vltlcs, 142 
Carbide and Carbon Chemical Co. (Y-12) 

alr-cleanlni; activities, 13, 20 
Carbon canister illlera 

eltectlveness, 165 
Carbonyl iron powders 

as teat dust, 352 
Copper oxide powders 

as teat dust, 87 
Copper auUate powders 

as test dust, 269 
Colton flbo.>r fillers 

emc1~11cy, 27'.', 278 
Di-octyl phthal:J.t;• smoke 

(See ~'.'lol~.) 

• . . . 

SUBJECT INDEX 

,· 

DOP tester 
(See Smoke penctratlon meters.) 

Dry boxes 
design, 146, 170, 220 

Dust collectors 
cost factors, 18, 7G 

., 

design, 17, Bl, 85, 87, 92, 96, 100, 251, 263 
efficiency, 63, 69, 83, BB, 90, 97, 251, 253, 262, 264 
maintenance, 73, 100 · 
operation, 71 

·Dust generators 
design, 95 

Dust hazards 
in U production plants, 69 

Dust loading 
altitudinal factors, 102 
at Brookhaven area, 142 
meteorological factors, 102 
at National Reactor Testing Station, io2 
at Rocky Flats plant, 161 

Dusts 
physical properties, effects of altitude, 87, 103, 105, 106 
physical pr-opertles, ef!ects of meteorological conditions, 

102, 105, 110 
Electro-polar filter unit 

(Sl!e Dust collectors.) 
Electrostatic precipitation 

effect of fiber charge, 242 
effect o! pa•Ucle charge, 237 
theory, 235 

Electrostatic precipltators 
design, 34 " 
efficiency, 28 

Entolcter unit. 
(See Dust collectors.) 

Exhaust systems 
defl![;n, 166 
e!liclency, 13, 28, 45, 81 

Experimental Breeder Reactor 
coolar.t air processing, 65 

F!brous (ilters 
(!Jee Y.,Iembrane filters.) 

Filter houGI! 
tor ORNL graphite reactor, design, 22, 23 

Filter materl:.ls 
(See also Asbestor.-ic?ass fllter p:iper; Carbon canister 
fillers; Cotton hbcr lllter>i; Glass-ii\J,:,r paper tilters; 
G.l;i~s-wool lllters; l>h'mbran<' llltc'rs; Met:i.lllc !illt:>rs; 
Mineral filter p:i.pers; S:ind-bed filters,) -

CoGl factors, 46 
ertlclency, 14, 22, 24, 28, 40, 43, 52, 55, 57, 61, M, 121, 

131, 142, 150, 157, 161, 165, 186, 205, 227, 259, 262, 
305, :;oa, 318, 324, 330, 356 

propt>rtlea, '.H31 323 
Flhratlon 

of very small particles, theory, 340 
Fluor Int> 

Hrnoval from :ilr i;tream, 49 
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386 WASH-170 

Fume hoods 
cost factors, 224 
desfr;n, 146, 170, 222 · 
erctclency, 14, 28, 52, 56, 227 

Gamma radiation 
permissible limits 1n air, 70 

"General Electric, ANP Project 
alr-clea.nlni; actl \•Hies, 87 

Gb.ss-Clbcr-papcr Ulters 
ffliClency, 227 

Glass wool filters 
etclclency, H, 40, 43, 57, 59, 64, 131, 142, 157, 

1G3, 16G, 186, 262 
Halor,en i;ascs 

removal from air stream, 48 
• Hanford Works 

air-cleaning acth·it!es, 40 
Hersey unit 

(See Dust collectors.) 
Homogeneous Reactor Ex-perlment 

air-cleanlnt: facilities, 36 
Hoods 

(See Fume hoods.) 
Hydrogen fluorides · 

handllng,"81 
removal from air stream, 48 . J 

Idaho Chemical Processtng Plant 
(See Arco Chemical Plant.) 

Incinerators 
cost factors, 62 
desli;n, 11, 58, 281, 284, 294 
performance, 58, 2.83, 285, 297 

Insects 
distribution in alr, 107 

Iodine 1UI 
removal from process gas streams, .41 

Knolls Atomic Power Lab. 
air-cleaning activities, na 
buildings anct facllllles, 118 
environs mon!tor1ng, 126, 335, 348 

Lim.es tone 
absorption o! halogen gases, 48 

Livennore Research Lab. 
air•cleanlng activities, 185 

Los Alamos !:cientiflc Lab. 
air-clca.nin~ activities, 7 

Matl'rials Tcslin;; J::eactor 
coolant-ah' processing, 65 

Membrane filters 
e!Hciency, 22, 24, 28, 52, 55, 58, 131, 142, 150, 163; 166, 

186, 205, 358, 3G4, 366, 371 
Metallic Cllters 

emclency, 14, 355, 362 
Microorganisms 

flltr:i.Uon !rom a.Ir, 227 
Mineral fllter p:ipers 

eUlclency, 233 
?lfound Lab. 

air-cleanlnf. activities, B6 
National Reactor Tcstln:;- Statton 

(Sec also Arco Chemic.ti Pl;nt,) 
llir-clc:i.ninir actlvll!es,-63, 10i­

Nuclc~.r aircraft pow~• !'i:i.nts 
alr-clc.int;1~ llCt~v1Uca, 66 

O:Ut Rldt;c N:itlon:il Lab. 
P.ir-clciU\lni> ;;.ctlvlllus, 21, 30, 35 

~ .. ... . -
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Particle deposition 
effects or electrostatic forces, 374, 377, 382 
effects or particle size, 352, 355 
e!focts ol velocity, 352, 355 
turbulent, measurement, 354 
turbulent, theory, 351, 

Perchlorlc acid gases 
removal from air stream, 57 

Process-gas streams 
decontamination, 40, 41, 43 

Radiation 
permissible concentrallons in a1r, 339, 342 

RadlaUon Lab., Univ. of Calif. 
afr-cleanlng activities, 170, 218 

Radiochemical processing 
air-cleaning equipment, 28 

Radioactive waste disposal 
cost factors, 21 
incineration, 12, 58, 281, 284, 294 

Radon · 
radiation ha:r.ards, 79 

Reaction vessels . 
silver, ef!lclency for Int removal, 41 

Reactor coolant-air 
processing, 65, 143 

Rocky Flats Plant 
air-cleaning activities, 161 

Sand-bed illters 
e!Hciericy, 158 

Savannah River Lab., 
air-cleaning activities, 155 

SerraUo !nd!co 
test organism In filter evaluation, 228 

Scrubbers 
design, 218, 376 
efficiency, 48, 57, 163, 219 

, Simon suction Hlter unlt 
(See Dust collectors.) 

s.moke penetration ~eters 
design, 306 
performance, 307, 369 

Spray columns 
(See Scrubbers.) 

Stack disposal 
o! radlo;ictive gases, effectiver-f'ss, 28, 44, 122, 143, 

159, 173, 191, 335 . 
Stack gases 

partlcle-sl:r.e determinations, 336, 345 
radlolo~ical monitoring, 11, 44, sa, 60, 101, 143, 151.l, 

191, 337, 3•.;o 
Thorium production plants 

air-cleaning actlvHles, 167 
Uranium 

radiation-hazards, 79, 83 
Uranium production pbnts 

alr-cleanlng actlvitlca, 13, 15, 79, 60, ll2 
Uranium slurries 

handling, 83 
Ventlla.tlon ny!ltems 

cost factors, 47 
design, 45, 55, 63, 82, 156, 161, 165 
emctcncy, 13, 28, 43, 45, 80, 82, 143, 148 
radlologic:il monitoring, 167 

Wcolinr;houso Alomic Power Div. 
ILlr-clo:i.ning acUvill<'u, 9ii 
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