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in godd'agrccmcnt Another obJect of the presont work was to test tho proposod

equetions experimentally. _
) By assuning (a) all fibers in the filter mat are perpondicular to the di-
roction of flow; (b) the fibers do not interfere with each other; and (c) the
ends of fibers have negligible effect, the followlng equations have been derived
for the collection officiency and the preasurc drop of the fiber mat

‘ (han)
7 mat = 1'- (Ny/N,) =1 -e \7Dg/

(1)

205 @ hep _ R L
-y . APs= ' _ i : (2)

s 1 7 ﬂDf

where
M mat = collection efficlency of the fiber mat
Np/No = fraction of particles penetrating the mat

@ = fiver volume fraction, i.e., volume of fibers per unit
volurne of mat

- i

diemeter of fibers in the mat

L=
H
i

b = thickness of the mat
p = density of thoe gas
| Vo = voluzstric velocity of the serocsol straam.paésing ﬁha-mat
. n = total efficiency of the single fiber a

- Cp = drag coefficient on the single fiber

In ectual fiber mats, none of these assumptlons 18 completely Justified, The
approach followed in the present work was to usc the cquations as beses for cor-
relating the exporimental dnta, incorporating all of the effects which were not
already teken into account as an effective fiber efficiency, Mg, and an effective
fiber drag coeflicient, Cpg, instecad of 7 end Cp in the cquaticns,

Tko fiber nats L”“d in tho present work werae formod from three typos of
glass fibers medo by Glass Fibers, Inc., Toledo, Ohio, unbonded "B" fibers, "L50"
yarns, and "150" yerns. Tho diomoters of the fibers woro measured under the mi=~
croscope and werc found to average 3.51, 6.24, and 9.57 microns, respoctivoly.
The mats wore formed by Arthur D. Littlo, Inc., Caxbridge, Massachuseits. Four
bulk densities of approximately 1.0, 1. 3, 1.6, ard 2.0 g. /uc were formed from
each type of fibor, Tho thiclkness of tho mats renged from 0.13 to 0.22 cm.

Most mats wore uniform after tho binding agent bad boen burned off.
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The experimontal procoduro was similar to thrt followed on the impaction o
single wires., The aorosol was dirccted to pass the mat which was placed in a
Iucite holdor with tho mat faco porpcndicular to tho direction of flow and tho
~ prossure’ drop was mecasured by mcans of inclinod end ordinary manometers, The
collaction efficiency of tho mat was calculated from tho quantities of acld col-
lected on the mat and in tho filter train following tho mat as determined by
titration with standard sodium hydroxide soclution and by conductivity measurc-
ment. . .. . o . ..
Figure 3 shows the experimontal collection efficiencies. The ranges of
variables ropresented are: diamoter of acrosol particles, 0.43 to 1.3 microns;
volumotric velocity of aorosol stream pessing mats, 17 to 260 cm./aec./ Reynolds

'Nuzmber based on the fiber diamoter, 0.0k to 1.4; fiber volume fraction, 0.045 to
" 0.098; and thickness of mats, 0.13 to 0.40 cm., The collection efficiency on the
mats renged from 0.04 to 0.998. '

- In the experiments, Brownian diffusion, electrostatic attraction, and grav-
ity sottling were negligible. The best curves for the effective fiber efficiency
through the points at the interception parameters (R = Dp/Dp) of 0.1, 0.2, and
0.3, therefore, represent the total efficiency of impaction, which includes the
inertial impaction and interception efficiencies, and the effect of fiber inter-
. ference, fiber ends, and non-uniformity on the total efficiency of impection.

At YV of approxirmately 0.4, inertial impaction beccomes unimportant and inter-
ception becames the controlling mechanism as shown by tha flattening of the
curves, This critical value of Y ¥ of 0.4 is betveen the values of 0.52 end 0.3
predicted by Langmuir end Albrecht, respsctively. It is greater then the value

" of 0.2 obtained expsrimentally by Ramskill and Anderscn. Filgure 3 showe that

the mechanism of inertial impactlion can be represented quentitatively in terms
- of the effective fiber efficiency, .’ .

Figure % shows the experimental pressure drop data correlated on the basis
of the effective fiter drag coefficient. The renges of veriables are the saxe
a8 thocse described for the collectlion efficiencies since the meesurements were
takeon eirultanecusly. The pressure drop across the fiber mats renged from 0.3
to 30 cm. of weter. The fiber volume fraction, @, has a marked effect on the
effective fiber dreg coefficient, Thoe higher the volume fraction, the higher
the effective fiber drag coefficient. The effective fiber drsg coefficient can
be predicted by reens of a theoretical equatlion based on an idealized mst wita
its fibers equally oriented in the three perpendicular directions one of which
is in the direction of flow and an empirical factor, 1 + 60¢1.8/Npe0.3, This
correction factor agrecd with previous conclusicns in that the drag on the fiber
increases with the fiber volume fraction and the drag decreasss with the
Reynolds Number, Curves for this equation for &« of 0,08, 0.04%, and zero are
shown in the figure. The figure also shows the theoreticsl and semi-theoretical
curves of Kozeny-Carmen, Devics, Iberall, end Langmuir. Calculated for « = 0,06,
the evercge fiber volume fraction in the exporiments, Tke Kozeny-Carman, Davies,
and Langmuir equetions ell predict the effective fiber drag coefificient to be
inversely proportional to the Reynolds Number, i.e., a straight line with a
slope of -1 in thic plot. The experimental data, however, show a definite cur-
vature. This indicates that the equations of these authcrs, while appliceble in
a limited range of the Reynolds Nurher for particuler types of fibrcus media,
are functionally incorroct. Iberall's theoretical equation ("Iberall I" in the
figurs) shows approximately the correct curvature. Tke reason thet his equetion
prodicts too kigh a pressure drop cean be explained on the basis of his errcncous
essunption that the drag fj;co por unit length for fibers paraliel to thoe direc-
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tion of flow was groater than for fibers porpendicular to the flow. it is con-
* e¢luded that the pressuro drop across fiboer mats can be correlated on the basis
of the effective fibor drag coefficient.

" From Equations 1 and 2 and the results of the exporimental work, the opti-

mum-fiber mat can be derived for filtration of aercsols in the range in which

inertial impaction is the important mechanism of collection. ) ‘

-
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FIG.I. EXPERIMENTAL EFFICIENCIES OF INERTIAL MPACTION B
| 'ON CIRCULAR CYLINDERS

ON

1.0
- Pl
U
= X
= 08 X
..J
<
}_.
83 0.6
z &
- j<e}
L. 5
(&)
S o4
C | x Platinum Wire = | mil
hz_' ' 0 Platinum Wire - 3 mil
O 02 y .
o . A Tungsten Wire- 2 mil
o o ,
CO 0 Tungsten Wire -4 mil
=~ 0 0.4 08 12 1.6 20 2.4 28 32

G =(Cpy, 181Dy Dy



3 .

FIG. 2. COMPARISON OF 'THE.ORETICAL AND 'EXPERl.MENTAL' EFFICIENCIES OF

INERTIAL IMPACTION ON CIRCULAR CYLINDERS
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FIG. 3. EXPERIMENTAL EFFECTIVE FIBER EFFICIENGIES
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FILTRATION OF SUBMICRON SIZE AEROSOLS
: BY FIBROUS MEDIA

'by ’ R :..-...'.

C. Y. Chen, Research Associate
Chemical Corps Contract No. DA-18-108-CML-4789

The object of this research is to study the filtratlion of aerosol particles
through a fiber mat both theoretically and experimentally, Much work has been
done on the development of new filter material and on tho measurement of penetra-
tion of amerosols through filter material, but not much has been done on the the-

“oretical prediction of the pemetration of filter meterials and on the experimentel
study based on the theorctlcal prediction. The preseant study is along this line.

- THEORY I

For filtration of uncharged submicron size aserosols with uncharged filtering
"medium, the particles might be removed either by inertial Impaction, direct in-
terception or Brownlan diffusion. To study the filtration of aerosols by fiber
mats, it 1s necessary flrst to learm the filtration or collectlon efficiency of
& single fiber which composes the mat, .

For single fibers, the efficilency of collection of aerosols {n) by any mech-
anism can be expressed as the ratio of the crocs sectional area of tha original
stream from which particles of a given size arc removed because their trajectories
"dntersect the collector surface to the projected area of the collector in the
directicn of flow. The efficiency of collection by inertia impaction is a func-
tion of ¥ =(Cpp dpe v)/(18u dr) and Ng,; by direction interception, 7 is a function
of R = dy/d. and Fge; and by diffusion, 7 is a function of D = Dpy/v & and Nye.
The collection by inertial impaction and diffusion increases with ¥ and D, re-
spactively, and always increases with increase of Npg. The importance of direct
interception increases with increase of R and decrceses with increase of ¥ and D.

Not much experimental work has been done on the collection efficlency of =a
single fiber especielly under the conditions present during the filtraticn by
fiber rats, that 18, very low Reynolds number, Until recently, the calculation’
of collection efflclency by lnertisl impaction was based on potential flow which
can hardly be in the cese in the fiber mats when the Reynolds number is usually
much less than 1. Daviea(l) calculated the inertial impaction and direct in-
terception on fibers assuming viscous flow,., From his results, M could be plotted
es a function of ¥ with R as a paramoter. Davies' recults indicated thet inertial
Impaction efficlency baczed on viscous flow is much lower than that calculated
from potential flow, Lengmuir {2) has derived cquations for predicting the col-
lection efficioncy of a single fiber by interception, by diffusion, and by inter-
cepticn and diffusion coxblned, Eo derived hils equations from lamb's squation
for viscous flow around & cylinder trzmsverso to the flow. Tigure 1 shows the
collection efficlency by difiusion and intercoption at a Reynolds number of 1072,

366 ' ~ WASE-170
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~ An intereoting conclucion from thosc calculntions is that the collection effi-
ciency due to both effocts 18 highor than the sum of tho efficloncies due to the
individual offocts alono. The same conclusion can be drawn from the Devies cal-
culation of the cambined cffocts of inertial impaction and interception. .

The ovecrall efficiency due to inertial impaction, interception ard diffusion
is very difficult to calculate. A recsonable assumption i1s that the overall ef-
ficiency will be equal to the sum of the efficiencies due to inertial impaction
and Intoercoption and that due to diffusion and interception. Calculated effi-
ciencles based on this sssumption for 2 g and 3 K diamctor fiber for different
particle size and velocity are shown in Figures 2 and 3.

The oricentatlon of fibers in ordinary fiber mats can be considered es lyirng
between two extreme cascs. In the first caso, the fibors are dispersed uniformly
and far epart and the neig hboring fibers ere staggered with respect to each other,
In the second case, the fiber in each layer of mat i1s lined up to form a group of
capillaries, The ordinary fiber mat with high porosity epproximates the first
case.

In a fibver mat of the first case with porosity approaching 100 percent, -all
the fibers are available for collection. It i1s possible to express the oversll
collection efficiency of this ideal fiber mat as & function of individuael fiber
total collection efficiency 7 as definsd above,

\

N L l-e L B ' : o
"ln—-—"-'-—,'n' — . . - (l)
No T € de S .

. This equation applies only when the fibers are far apart and there are no in-

terforence effects between neighboring fibers., Actually, the equation is ap-

proximntely true for high porosity fiber mats. It is reasonable to express the |

neighdboring fiber iInterference effect as & function of interfiber distance, or

. a8 a function of porosity only for the sams typs of mat within a narrovw rengs of
Rynolds nuzber. Thus, the following equation can be used to express ths fiber
-mat collection efficiency.

.

- XN L l-¢ L
. -In — = N s — + F (€) (2)
No~‘ s € dp

'F (€) has a limiting value of 1 for mats with porosity of 100 percent; it is
greater than 1 when tho porosity decreases, ond has an asymptotic velus for low
porosity mats, The function can be calculated from pressure drop measurements
across the mat. For a fiber mat with porosity aspproaching 100 percent with all
the fibors transverse to the flow, the pressure drop con be expresssd in tho fol-
lowing form, based on the Langmuir equation for the drag force of a single cylin-

" der transvorse to the flow when NRg is less than ono:

Ap = — . (3)
2-1n Mo dp” & :
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. White (3) bas shown that the viscous drag force for.a singlo cylinder in &
finite conteinor is higher than that predicted by Lamb's equation for an iso-
lated cylinder. The deviation is a function of tho ratio of the distance between
the fiber and the container and the fibor diameter. It can be expressed as a
function of porosity for fiber mats to account for the effect of neighboring
fivers. This function also has a limiting value of one for 100 percent porosity;
it increases to an asymptotic valuc for low porosity mats and will be approxi-

. mately the same function of porosity used above to describe the neighboring fiber
interference effect on collection efficlency. Thus the pressure drop across the

fiber mat can be expressed as : : :

16(1-€). kL
Ap =

P F () o m
2-1n Nge 45 &c S :

From this discussion, we are able to calculate the penetretion of a fiber
mat from the physical factors of the mat (thickness, fiber diameiler end porosity),
the pressure drop across the mat and the collection efficlency of a single fiber
calculated for the operating conditions (velocity, particle density and diamster). .

It 18 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 34 and 2#4 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 experinents have been carried out
under very limited experimental conditions.

TABLE I, PARTICIE SIZE AT MAXINMUM PENETRATION
Particle density = 1 g./cc,

- For Fiber Size For Fiber Size

Averege Veloclty 3 microns 2 microns
cm./sec. - mlecrons microns
- 13 - - : - .
0.1 0.52 0.45
1 0.28 - 0.23
6 0.19  0.16
10 0.15 0.1k4
ko 0.11 0.10
100 | - 0.075 0.070

EXPERIMENTAL

A la¥er-Sinclalir type homogoneoué ligquid eexrosol gonerator was bullt for
this ctudy with DOP es aeroscl materlal. The porticle size was measured elther
by the polarization "Owl", tho growth method {4), or by tho diffusion battery (5)
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deponding on tho range of tho size’ of tho particles. Ponetration through the
mat wos measurcd by the NRL-E3 pontrometor. "Extensive penotratlon mesasurcmonts
on eir-formed B glass fibor mats are In progress. The preocnt mats uced contain
‘a wide range of fiber size. Some of the initial experiments indicate that the
theory 1s quite satisfactory. .

Table II contains somo emperimontal results compared with the theory assum-
ing the diameter of fiber 1s 3.5 microns. The actual size of the fibors has a

wide renge of distribution and the average Bize is about 3.5 microns.

" TABLE II, COMPARISON OF EXPERIMENTAL RESULIS
WITH THEORETICAL PREDICTION

B glass fiber mat porosity 98.65; thickness 1.2 cm.

Aerosol material: DOP; particle size, 0.304

S . r"

: ‘ ' n . by calculation
C Velocit From Expt. based on dp = 3.5
' cm, /sec. , -

26.8 2.29 x 1072 2.58 x 1072
12.0 2.61 2.38
- 533 2.70 L 2.76
- 2.98 . 2,66 3.16
1.69 " 3.85 ’ ' 3.48
0.89 4.35 4,18

,CONCLUSIOYS

Fraom the experimental data available at the present time, the resulta egree
with the theoretical prediction fairly well. Additional experimental work is in
progress, The results indicete that the penetration of a fiter mat for tke first
time can be predicted by theoretical celculetion. Also, the develomment of a
new filter rmateriasl can be msade on a scientific basls rather thsn by a cut-and-
try method. The controversy on whether a maximum penetration size exists has
been solved by theorctical celculations and the experimental conf tlon of the
theoxy will be presented in the near future. -

NOMENCIATURE - ) .-.'
C = empirical correction for resistance of air to the movemont of
small particles (at room temperature and atmosphoric pressure,
C =1+ 0.16/dp, wbore dp is particlo diameter in microms).
dp = particle diametexr

v = upstream velocity or avoraga volocity
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de = {iber aiamoter
DgM = Brownian diffusion cooefficient of“ aorosol particles
N/No = fraction of penotration of acrosol through fiber mat .-
. L= thiehlees of fibver mat

Ap = pressure drop across fiber mat

b, mass x ft.

gc = conversion factor, 32.2
: ' 1b. force x sec.2

F(e) = & function of porosity representing neighboring fiber inter—
ference effect

Dpy
v dp

- D = diffusion parameter,

R = interception pai‘ameter, dp/d.f

C L Py &t v
¥ = inertia parameter __— ~

~ 18 u 4p
i

P, = particle density
P = £luld density . o
# = fluid viscosity
7 = collection efficiency of a single fiber

€ = porosity of fiber mat ) e e

8
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FIG. 2. COLLECTION EFFICIENCY OF 24 FIBER, PARTICLE DENSITY I_G,/CC.
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FIG.3. COLLECTION EFFICIENCY OF 3 MleR(‘)NS'FIBER,- PARTICLE DENSITY I1G./CC.
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INFLUENCES OF ELECTROSTATIC FORCES
ON THE DEPOSITION OF AEROSOLS

by
: : H. F. Kracmer
. Ethyl Corporation Fellow in Chemical Engineering

In recent years several studies have been made on the mechanisms by which
particulates can be removed from an aerosol. Although emphasis has been placed
on the inertiel mechanism of collection, the effects of small electrostatic :
cherges on the eerosol particles and on the collecting surface must not be over- '
Jooked 3in promoting the collection efficiency. Many natural aerosols are elec-
trically charged, es are some collecting surfaces such as the fibers in & resin-
wool filter. TUncharged surfaces or aerosols readily can be given an electric
charge, thereby increasing the separation of particles from the eerosol.

The utilizaetion of electrostatic forces in promoting aerosol deposition may
be adventegeous in several ways. The foremost advantage is the high collection
efficiency (based on projected cross-sectiornal area of the collector) that is
possible. Although a collection efficiency of more than 100 percent is not pos-
sible when only inertial forces are used, efficiencies of 10,000 percent or
higher may be achleved if both the collector and the aserosol are charged.¥* The
collecticn efficiency using electrostatic forces remsins high even for sub-
micron particles, although inertial forces in this case may be negligible,
Another consideration is the fact that electrostatic mechanisms of collection
requiro low aerosol velocities of flow across the collecting surface. The pres-
sure 8ropa in the system consequently will be much lower than would be the case
for siniler collection by the inertial mechsanism,

A The purpose of the current research is to investigate the mechanlsms of
serosol deposition under the influence of electrostatic forces and to indicate
....-the conditions and types of equlpment wherein electrical charging may be bene-
flcial

TEEORY ’

. Studles ere beirng rmede of the motion of a charged aerosol particle flowing
past & sipgle spherical collector Figure 1. The collection efficiency can be
calculated theoretically if the outermost limiting trejectory is known for the
aerosol particles Just grazing the collector.

The differential equations of motion of a single aerosol paiticle approach-
ing the spaericel collector are given in Figure 2. The equations are derived
fram force balances of the fluid resistance and of the electrostatic forces of

| .

*The collection efficiency is defined as the fraction of the aerosol re-
moved frocm a fube of gas eubtendoed by the collecting obstacle as the gas flows
past, ‘
)
i
{
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attraction between (1) 2 charged collector and o chargod sorosol (paramoter Kg), -
(2) a charged collcctor and its image in an uncharged acrosol particle (paramcter
K1), (3) & charged acrosol and its image in an uncharged collector (paramcters

KM and Kg). The scveral elcctrostatic forccs can be shown to be approximately
additive. Potential flow streamlines and Stokes' law aro also used in doriving
the equations. Since the differential equations have been made dimensionless,
all of the experimental variables are contained in the dimensionless parameters
-Eg, K1, KM, Kg Figure 3.

- Although the solution of the two simultaneous differential equations is
possible only by a numerical method, order of magnitude solutions may be obtained
"by ignoring the bending of the air streamlines around the spherical collector

" and by considering only one collection parameter, Eg, K1, Kg or EyM, at a time,.
: The numerical solution of the trajectory equations has been completed by
meens of the electronic digital computer, the ILLIAC. Collection efficiencies
were calculated for a range of values of the four parameters, Kg, KI, Kg and Ky.
Some of the results are shown in Figure k.

In order to interpoleste betwecn solutions obtained with the computer, the’
collection efficiencies and the collection parameters may be correlateu by curve-
fitting with a high-order multivariate polynomial,

 EXPERIMENTAL FQUIFMENT AND PROCEDURE

The equipment is shown in Figure 5. A dioctylphthalate (DOP) fog is pro-
duced by condensation of the vepor in the presence of salt nuclei, The perticle
diemeter 1is about 0.8 + 0.2 micron. The eercsol 1s charged electrically by vess-
ing it through coexial electrodes in & state of corona, Charges of +10 to +80
" electronic units can be obtained. A description of the mechanism of the charg-
ing process and of the method of measuring the charges on the aerosol perticles
was given at the Ames Conference in 1952,

The charged aerosol then flows past the spherical collector which is a 7/16"
steel ball mounted on the end of a semi-conducting cone. The cone acts &s en
electrostatic shield eround the wire conmecting the sphere to & high voltage D.C.
power supply (0-10,000 volts). Without it, the electric charge on the wire af-
fects the collection on the sphere,

The electricel charge on the aerosol ls determined from the deflection of a
streamer of eerosol flowing in a transverse electric field. The aerosol is
carried -through the fileld by en envelope of moving alr. The size of the perti-
cles is measured by the "Owl" and by & high velocity cascade impactor. Thc mass
concentratlion of the aerosol is determined by precipitation of a aample in a *
small glass and platinum Cottrell precipitator. '

The collection efficiency is determined experimentaelly by measuring the
enount of aerosol deposited on ths sphers and in the sampling Cottrell precipi-
tator., The DOP is removed from the collecting surfaces by washing with ethyl
alcohol and the concentration found by ultra-violet spectrophotametry. Collec-
tion on the sphere ranges from 1 to 10 micrograms of DOP per minute,

EXPERT.ENTAL RESULTS |
Thoe preliminary date ere shown in Figures 6 and 7. The inertisl parawoter ¥

is about 10-6, According to theory, the inertial forcos should thereforo have a
nogligible effect con tho deposition.

——
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‘ The actual collvction agrecs approximately with that predicted by theory.
In the case of the uncharged aerocol flowing noar a charged collector, tho data
heve a high exporimentsl vaeriebility on account of the small emounts of DOP that

were collected and mcasured.

In Figure 7 the data are plotted versus a modified parameter. Whenever &
collector ie grounded, even through a ' high resistence, charges are induced on
the collector by all the surrounding charged particles. This induced charge
occura in addition to the image and void space effects described by ths param-
eters Kx and Kg. The induced cherge is calculated by an integration process and
its contribution to deposition is combined with that of the Kg parameter. The
~cambined parameter is Kg. Figure 7 1llustrates data in which the induced charge
. resulting from grounding the collector was the major factor influencing deposi-

tion. .

PRELIMINARY CONCLUSIONS

A practical epplication of electrostatic forces is illuatrated in the use
of charged water dropleis for collection of aerosol particleu which themselves
are charged by passage through a corona discharge. An electrified wet scrubber
would have 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 submicron aserosol perticles, Con-
versely, it would require less water and could operate at lower velocities and
pressure drops for the same efficlency of serosol removal. Furthermore, 1t
would have eseveral advantages over the Cottrell precipltator. The precipltated
material would be removed continuously on the surfaces of the sprey droplets,
thereby eliminating the problems often encountered in precipitating dusts that
have & tendency for reentrainment. The retention time in an electrified scrub-
ber would be lower than in a Cottrell precipitator because an aercsol particle
must travel a shorter distence to the nearest spray droplet. Alsc, the elec-
trified scrubber would be operated at relatively lower voltages (1000 to 10,000
volts) since the collection distances are smaller.

An electrified sprey scrubber is now being constructed to evaluate ite
potentialities,

’
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F1G. 6. COMPARISON OF THEORY AND
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