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The collection efficiency of glass fiber pads was investigated with a super cooled liquid 
aerosol. A filter-velocity range o f  0.02 to 20 ft./sec. was covered with f i l ter pads having a bulk 
density ranging from 1 to 10 Ib./cu. ft. and a fiber diameter ranging from 1 to  30 p. 

For the aerosol employed the results showed a minimum collection efficiency a t  a velocity of 
2 to 5 ft./sec., dependent on fiber size. A t  the lower velocities, where diffusion is controlling, 
collection efficiency increased with decreased velocity; a t  higher velocities, where inertia is 
controlling, efficiency increased with increased velocity. 

For purposes of generalization the data were correlated i n  terms of dimensionless parameters 
which allow for the combined effects o f  flow-line interception, inertial interception, and diffusional 
deposition. Evaluation of  the data in terms of existing theories of deposition indicated nominal 
agreement with the theory of Langmuir, as modified by Natanson, for diffusional deposition. 
Far inertial deposition the measured collection efficiencies were considerably lower than would 
be predicted from the theoretical values reported by Langmuir and Blodgett for potential flow 
around the fibers, presumably because of the viscous-flow (low Reynolds number) conditions that  
prevailed i n  this study. 

Filters consisting of a packing of 
fibrous or granular material have been 
widely used for removing aerosol par- 
ticles from a gas stream. Typical ap- 
plications are domestic furnace air fil- 
ters, coke beds for removal of sulfuric 
acid mist, and sand, glass, or asbestos 
fiber filters for exhaust gases which 
contain radioactive or biologically ac- 
tive particles. 

The fundamental mechanisms of 
deposition of aerosol particles on single 
bodies or collections of bodies (or in 
filters) have been considered both ex- 
perimentally and theoretically by a 
number of investigators (1 to 17). 
However these investigations usually 
have been restricted to simplified or 
narrow ranges of conditions, and ex- 
perimental data are relatively meager. 

The present study was undertaken 
to obtain experimental data on the 
collection of aerosol particles in fibrous 
filters over a sufficiently wide range of 
conditions to provide a basis for ar- 
riving at  a generalized means for pre- 
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dicting deposition in fibrous filter 
media. This study was restricted to 
clean fibrous media, in which insu5- 
cient aerosol particles had been de- 
posited for the deposit itself to in- 
fluence significantly the deposition 
mechanism. 

BASIC CONCEPTS 

Col lect ion Ef f ic iency 

The efficiency of a filter is commonly 
expressed as the weight fraction of 
aerosol collected by the filter. Often 
the fraction passing the filter is of 
primary interest. Since this fraction is 
usually exponentially related to the 
properties of the pad, it is more con- 
venient to express efficiency in terms 
of the transfer unit defined by 

N t = I n C 1 / ( l - v , ) l  (1) 

( l a )  

or 
v f  = 1 - e+" 

Table 1 gives corresponding values of 
N ,  and q, calculated from Equation 
(1) in order to provide a numerical 
conception of the relationship. 
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N t  is a direct measure of the effec- 
tiveness of the filtration. It is analogous 
to the simiIar term used in mass trans- 
fer (absorption, distillation) problems 
where there is negligible back pressure 
above the absorbing phase. (Negligible 
back pressure is comparable with the 
absence of re-entrainment of aerosol 
particles once they have been de- 
posited.) Also N ,  is directly related to 
the decontamination factor which has 
been widely used in automatic energy 
filtration applications (1 ) : 

N ,  = 2.303 ( D . F . )  (2)  
The terms v,, N t ,  and D.F. are 

measures of the over-all collection 
efficiency of complete filter pads or 
filters. n7ith homogeneous aerosols the 
number of transfer units for pads in 
series (that is the over-all transfer 
units) is equal to the sum of the num- 
ber of transfer units for each individual 
pad. 

T a r g e t  Ef f ic iency 

Instead of expressing efficiency of a 
gross pad it is desirable for purposes 
of generalization to relate collection 
efficiency to the individual fibers in the 
pad to remove from consideration, 
insofar as possible, the specific details 
of pad construction (depth and den- 
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sity). I t  has been customary to express 
deposition on individual body surfaces, 
such as cylinders or spheres, in terms 
of a target efficiency. Target efficiency 
is defined as the ratio of aerosol mate- 
rial collected on the body to the total 
aerosol material contained in the gas 
stream swept out by the body. 

For the case where cylindrical fibers 
are normal to the direction of gas flow 
it is readily shown that target effi- 
ciency is related to transfer units for 
the whole pad by 

1 7 s  = (vDn N t / 4 ) / ( m , / p ,  A,) 
= (TDP N t ) / [ 4 L , ( 1 - ~ * ) ]  (3)*  

In the derivation of Equation (3)  it is 
assumed that (1) 7, is constant through- 
out the filter, ( 2 )  the fractional deposi- 
tion in any one layer of fiber is rela- 
tively small, and (3)  in successive 
layers of fiber there is essentially com- 
plete remixing of the gas before any 
large fraction of aerosol approaching 
any of these layers has been deposited. 
The first assumption restricts Equa- 
tion (3) to homogeneous aerosols. In 
heterogeneous aerosols however Equa- 
tion ( 3 )  will still express the perform- 
ance characteristics for any given 
particle size if it is recognized that the 
terms N ,  and qr  in Equation ( 1 )  will 
then represent the performance for 
that same size. Assumptions ( 2 )  and 
(3)  are generally good approximations 
for filters which consist of a large 
number of fiber layers. This has been 
demonstrated by the fact that succes- 
sive identical pads in series give the 
same values of N t  or q, with homo- 
geneous aerosols. Where the fibers are 
not cylindrical or not normal to the 
direction of gas flow, an additional 
proportionality factor must be provided 
in Equation ( 3 ) .  

For the purposes of subsequent cor- 
relations of data Equation (3)  may be 
regarded as a definition of 7, without 
affecting the validity of the correla- 
tions. The distinction between 7, as a 
defined term and as a derived term 
would only enter into a comparison of 
data correlations with theoretical pre- 
dictions derived for deposition on in- 
dividual fibers. 

Deposition Mechanisms 

As discussed in more detail by 
Lunde and Lapple (9) the magnitude 
of the target efficiency is dependent 
on the nature of the mechanism by 
which the aerosol particles are de- 
posited on the fiber. There are six such 
mechanisms: flow-line (or direct) 
interception, inertial interception, grav- 

* A derivation given by Chen (2) results in a 
similar equation with the exception that Chen 
obtains an additional term cv in the numerator of 
the right-hand term. This reflects a difference in 
the definition of vt  which is strictly arbitrary 
when dealing with proximate fibers. 

ity settling, diffusional migration, elec- 
trostatic migration, and thermal mi- 
gration. The magnitude of each of the 
mechanisms is measurable in terms of 
a specific dimensionless parameter N , ,  
which may be termed a “separation 
number.” In other words target effi- 
ciency is a function of each of these 
parameters in addition to any other 
parameters, such as Reynolds number 
or pad density, which measure the 
relative effects of changes in flow 
pattern. 

By dimensional analysis it may be 
shown that for the general case 9, is 
a function of some two dozen dimen- 
sionless groups, which include all of 
the N ,  terms in addition to other 
groups which measure modifying in- 
fluences on the flow pattern and force 
fields (9) .  For purposes of simplifica- 
tion it may be assumed (1) that the 
gravitational, electrostatic, and thermal 
depositions are negligible; ( 2 )  that 
compressibility effects are negligible; 
and (3)  that slip or molecular flow 
effects may be neglected except insofar 
as they are incorporated by the Stokes- 
Cunningham correction factor. Justi- 
fication for these assumptions is based 
on the following arguments: (1) Rela- 
tive to other deposition mechanisms 
gravitational settling would normally 
be expected to be significant only with 
aerosol particles larger than approxi- 
mately 1 p in diameter and with c01- 
lecting bodies larger than some 100 p 
in diameter when operated at  low filter 
velocities. Gravity settling would be 
expected to act somewhat independ- 
ently of the other mechanisms with 
little interactive effect. Consequently 
for most purposes gravity settling may 
be treated as a separate additive effect 
on target efficiency, having a magni- 
tude numerically equivalent to the 
order of the value of N a g .  Thermal 
deposition will be negligible if no 
marked temperature gradients exist. 
Possible electrostatic effects will be 
discussed later. (2) The absence of 

TABLE 1. RELATIONSHIP BETWEEN 
COLLECTION EFFICIENCY AND 

TRANSFER UNITS 

Number of Collection 
transfer units, Nt efficiency qt, % 

0.10 
0.5 
1 
2 
3 
4 
6 

10 

9.5 
39.4 
63.2 
86.47 
95.02 
98.17 
99.75 
99.9955 

a For values of N ,  less than 0.1 the collection 
efficiency n t  expressed as a fraction, essentially 
is numerically identical to N , .  

compressibility effects requires that 
pressure drop across the filter be small 
compared with the absolute pressure. 
(3)  The absence of slip- or molecular- 
flow effects requires that the mean- 
free path of the gas molecules be small 
compared with the filter fiber diameter. 
The Stokes-Cunningham correction 
factor represents a means of allowing 
for slip-flow effects around the aerosol 
particles. 

With the above simplifications it can 
be shown from dimensional analysis 
that a unique functional relationship 
must exist between qr and the various 
parameters as indicated by the follow- 
ing specific alternative equations: 

qt = $1 [ N 3 y ,  Nsz, Nad, NRe, ~31 ( 4 )  

Ti = #e [ N B f ,  N,r,  N,,,  NAB, E ” ]  (4~) 

qt = $8 [ N , , ,  Nsd, N w  NRe, € 0 1  (4b) 
qt = $4 [ N * f ,  Nnt, N,a  Np, e e l  (4~) 

qt = $6 [N,r, Nt, ,  Nac, Np, €01 ( 4 4  

The term N , ,  is analogous to the 
Schmidt number in mass transfer and 
contains a measure of the interactive 
effect of flow line and inertial inter- 
ception and diffusional deposition. The 
term N ,  allows for additional flow- 
pattern effects not already incorpo- 
rated through the terms N . ,  and N , , ,  
both of which incorporate a measure 
of some Reynolds number effects in 
addition to measuring their respective 
deposition mechanisms. This follows 
from the fact that N ,  is mathematically 
equivalent to N , J N R e N a , f .  The 
Schmidt number is actually the re- 
ciprocal of the product of N . ,  and N p  
and could be used as an alternative to 
either of these groups in a relationship 
of the type indicated in Equations 
(4) * 

As stated, Equations (4) apply only 
to geometrically similar fibrous pack- 
ings. In order to generalize to any 
geometry additional terms are required 
to allow for variations in packing 
geometry, such as fiber shape, relative 
fiber spacing and orientation, and rela- 
tive fiber size distribution. In the sub- 
sequent discussion these additional 
factors are ignored as variables. The 
effect of variations in these factors, 
which were not all controlled sepa- 
rately in this study, is believed to be of 
secondary importance for the range of 
conditions employed. Glass fibers, 
used in this study, are universally cir- 
cular in cross section and, as normally 
available, will involve a preponderance 
of fibers oriented normal to one di- 
rection (the direction of gas flow in 
this study). A variation in E ,  due to 
compressing such a packing would be 
expected to reflect primarily as a 
variation in longitudinal fiber spacing 
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Fig. 1. Schematic diagram of equipment. 

with relatively little change in lateral 
fiber spacing. 

It should be noted that both N. ,  
and N ,  involve only the properties of 
the aerosol particles and of the fluid; 
they do not involve filtration velocity 
or filter-pad properties. Thus for a 
given aerosol and fluid, and subject to 
the limiations made in deriving Equa- 
tions (4), a unique relationship is to 
be expected between vt  and N,r,  N,c, 
and c, or between vr and N,r ,  N . d ,  and 
E,., regardless of variations in operating 
conditions and filter pad properties. 

If the functional relationship im- 
plied by Equations (4) is known, 
either analytically or experimentally, 
the target efficiency can be calculated 
for any fiber configuration, operating 
condition, and aerosol. From target 
efficiency, transfer units and collection 
efficiency can be calculated directly 
from Equations (3)  and ( l ) ,  respec- 
tively. 

Several investigators have attempted 
to develop analytically the relationship 
of Equation (4)  for conditions where 
only one or the other of the separating 
mechanisms is controlling. To date 
however no general solution has been 
developed. It was the purpose of the 
current investigation to develop this 
relationship experimentally. 

EXPERIMENTAL EQUIPMENT AND 
PROCEDURE 

In the experimental investigation a test 
aerosol was passed through individual 
pads of glass fiber mats in series. Collec- 
tion efficiencies were measured over a 
wide range of air velocities by determin- 
ing the amount of aerosol retained in each 
pad and the amount that passed the series 
of pads. Figure 1 presents a schematic 
diagram of the apparatus used. 

In order to take advantage of the 
convenience of colorimetric analytical 
techniques a volatile dye was used. The 
test aerosol was prepared by bubbling hot 
filtered air through a pool of molten dye 
in a large-scale, stainless-steel version of 
the Sinclair-La Mer generator. The air and 
dye vapors, after passing through a super- 
heater, were quenched suddenly with 
filtered room-temperature air to form the 
aerosol. No nucleation was employed. 
Throughout all the tests the generator con- 
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Fig. 2. Photograph of disassembled test filter assembly. 

ditions were held constant to give a con- 
stant reproducible aerosol as determined by 
frequent checks of filtration efficiency on a 
given filter pad arrangement. The size of 
the aerosol particles was determined with 
a single-stage jet impactor borrowed from 
the University of Illinois ( 1 3 ) .  The jet 
was rectangular with slot dimensions ap- 
proximately 0.05 cm. by 1 cm. From 0.02 
to 3 mg. of dye was collected in the jet 
collector cup, representing approximately 
1 to 60% of the total dye entering the jet 
impactor, respectively. 

The filter pads were made by mounting 
weighed amounts of glass fiber between 
permanent 16-mesh copper screens soldered 
to a 0.108 in. thick spacer ring. All test 
fibers were fired at 400°C. to remove any 
binder or lubricant. Five pads were 
mounted in series in each test and were 
followed by a cleanup filter consisting of 
two mats in series. Figure 2 shows the 
disassembled filter unit with four experi- 
mental pads and spacers in place. The 
fifth pad, the cleanup filter, and the two 
end plates are shown in front of the 
assembly together with a typical brass- 
spacer plate used between each pad for 
pressure drop measurements. 

The aerosol generator was operated for 
at least 3 hr. prior to making efficiency 

2 

+ 1.0 
z- 0.8 n 2 0.6 
6 0.4 
a 
v) 0.3 
t 5 0.2 

kl 0.10 

Lz 
W 

5 0.08 
0.06 
0.04 
0.03 

I I I I 
2 3  4 5  
PAD NUMBER 

0.02 ; 
Fig. 3. Collection efficiency data from typical 

runs. 
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determinations. After steady state was 
attained, as determined by thermocouple 
readings, the aerosol was passed through 
the experimental filter bed and cleanup 
filter. The pressure drop was checked near 
the start and at the end of the run; no 
significant increase in pressure drop was 
observed during any runs. Flow rates 
were measured with critical flow meters 
or orifices. At the conclusion of the test 
the filter bed was disassembled, the dye 
leached from each test filter and from the 
cleanup filter with benzene, and the dye 
solution analyzed colorimetrically. A sum- 
mary of the range of experimental condi- 
tions covered in the investigation is given 
in Table 2. 

EXPERIMENTAL RESULTS 

Data from typical runs are presented 
in Figure 3. The variations shown for 
successive pads in runs 17, 20, and 
117 are typical of most of the data, 
with measured collection efficiencies 
expressed as transfer units for succes- 
sive pads varying by approximately * 20% from the average. The average 
of the values measured for each pad 
was used for subsequent correlations. 
Run 37 represents an occasional run 
in which wider variations in successive 
pads were obtained. Occasionally data 
such as shown for run 38 were ob- 
tained, where the first pad showed a 
very high efficiency whereas the sub- 
sequent pads were in agreement. This 
was usually encountered with high vel- 
ocities (16 ft./sec. filter velocity in 
the case of run 38) and was attributed 
to flocs of aerosol particles dislodged 
from a small accumulation on the 
ductwork following the aerosol gen- 
erator. Data from such runs were dis- 
carded and the run repeated. Run 94 
is typical of substantially all runs in 
which the collection efficiency was 
greater than one transfer unit (63% 
collection) for the first pad. In these 
runs each successive pad showed a 
lower collection efficiency. This was 
attributed to the fact that the aerosol 
was not entirely homogeneous in size, 
the first pad removing the size most 
readily deposited and successive pads 
being exposed progressively to those 
aerosol particles more difficult to de- 
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posit. Such an effect is actually present 
in all runs but would be expected to 
become significant only when relatively 
large fractions of aerosol particles are 
removed. Runs similar to run 94 were 
restricted almost entirely to the pads 
with F-1 fibers. In these cases the 
amount collected on the cleanup filter 
is also very small; thus, the measured 
collection efficiencies for the later pads 
in the series are very sensitive to errors 
in measuring the deposit on the clean- 
up filter, especialIy slight contamina- 
tion thereof. Consequently for all such 
runs the collection efficiency measured 
for the first pad was chosen for sub- 
sequent correlations as most represen- 
tative of performance with the specific 
feed aerosol. 

The data for all runs are summarized 
in Figure 4 as a plot of transfer unit 
per pad against superficial filter veloc- 
ity for the various fiber sizes and pad 
densities. Each point represents the 
average measured efficiency for five 
pads in series or for the first pad as 
discussed above. The curves for all 
fibers and densities have a similar 
shape. At high velocity inertia1 inter- 
ception is the controlling mechanism; 
as the velocity is reduced, inertial 
interception becomes less effective and 
collection efficiency decreases. At low 
velocities diffusion becomes the con- 
trolling deposition mechanism and col- 
lection efficiency increases with fur- 
ther decrease in velocity. The flatten- 
ing of the curves for the fine fibers 
may be attributed to the superimposed 
effect of flow-line interception, which 
is relatively more pronounced with the 
fine fibers, whose magnitude is rela- 
tively independent of gas velocity. All 
the data from a series of special tests, 
described below, are also incorporated 
in Figure 4. 

Special tests were made with the 
filter pads oriented so that the flow 
was either vertically upward or verti- 
cally downward as compared with the 
usual horizontal flow. These tests were 
made with pads made of F-1, F-3, 
and F-4 fiber at velocities ranging 
from 0.02 to 2 ft./sec. Within the pre- 
cision of the data no effect of this 
orientation on collection efficiency was 
observed, indicating a negligible effect 
of the gravitational deposition mech- 
anism. 

In another series of special tests the 
fibers were coated with 10% by weight 
of mineral oil, in which the aerosol dye 
particles are soluble, in an attempt to 
determine if aerosol particles striking a 
fiber will adhere. These tests were 
made with pads of F-1 and F-3 fiber 
at a velocity of 1 ft./sec. Within the 
genera1 precision no effect of this coat- 
ing on collection efficiency was ob- 
served. These results would indicate, 

although not conclusively, that all 
aerosol particles striking a fiber ad- 
hered. These results would also sup- 
port the belief that those electrostatic 
deposition effects, which would be 
expected to depend on the surface 
characteristics of the fiber, were not 
important in these tests. 

CORRELATION OF DATA 

Although the data are presented 
directly in Figure 4, for purposes of 
generalization it is necessary to evalu- 
ate them in terms of fundamental con- 
cepts. This may be done by using the 
data as a means for evaluating the 
nature of the functional relationship 
implied by Equations (4) .  

In order to convert the data of Fig- 
ure 4 into the form required by Equa- 
tions (4)  it is necessary to make use 
of the aerosol and fiber properties, 
given in Table 2. As discussed in detail 
in the Appendix it was inferred from 
work subsequent to that repoited here 
that the aerosol particle diameter was 
actually 0.29 p rather than the 0.40 p 
originally measured and that the 
specific surface average diameter of 
fiber F-1 was 2.3 p rather than the 
1.29 p originally reported. Since the 
time lapse between the investigation 
made it physically impossible to check 
these implied corrections experimen- 
tally, these corrections must be con- 
sidered as a possible limitation on the 
absolute accuracy of the correlations. 
I t  is for this reason that the correlation 
will be presented on both an uncor- 
rected and a corrected basis in the 
subsequent discussion. 

It is believed that the corrected 
aerosol size is reasonably valid. The 
correction on the diameter of fiber F-1 
is probably in the right direction but 
is quantitatively more questionable. 
The quantitative magnitude of these 
corrections on each of the correlation 
parameters is indicated in the Appen- 
dix. While these corrections are quite 

-- 
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Fig. 4. Summary of experimental collection effi- 
ciency data. 

significant, it should be noted that be- 
cause of limitations in current tech- 
niques of size measurement unknown 
absolute errors of this magnitude may 
be present in many of the data of this 
type reported in the literature. 

Since the gas and the aerosol prop- 
erties were both held constant through- 
out this study, the value of both 
parameters N , ,  and N ,  remained con- 
stant (2140 and 80, respectively, on 
the uncorrected basis; 1270 and 89, 
corrected basis). Thus as previously 
discussed a unique correlation is to be 
expected when target efficiency is 
plotted against either the inertial inter- 
ception parameter N , t  or the diffu- 
sional separation parameter Nad, with 
N , ,  and E ,  as parameters. To test this 
conclusion the experimental data 
shown in Figure 4 have been converted 
to the forms shown in Figures 5 and 6 
on both an uncorrected and a corrected 
basis. I t  should be emphasized that 
Figures 5 and 6 are not independent; 
they are merely alternate, mathemati- 
cally identical ways of presenting the 
data. Since the interaction parameter 
N , ,  is constant, once any two of the 
three separation numbers NSr, N,k, and 
N, ,  are fixed, the third is determined. 
The value of the third parameter, cor- 
responding to the solid lines used to 
represent the data, is shown as a dashed 
line in each figure. Figures 5 and 6 
may be regarded as the graphical 
manifestation of the functional rela- 
tionships implied by Equations ( 4 ~ )  
and ( 4 4 ,  respectively, for the specific 
values of N , ,  and N , .  

Equations ( 4 ~ )  and (4d)  imply that 
target efficiency may be a function of 
pad porosity E ,  as well as of the other 
parameters. Hydrodynamic considera- 
tions (6) lead to the expectation that 
increased bed density (reduced poros- 
ity) should result in increased target 
efficiency, other factors remaining con- 
stant. In Figures 5 and 6 bed-density 
variations for a given fiber (and COT- 

respondingly for a given Nsf )  are 
indicated by the degree of shading of 
the data points. In general the data 
for a given fiber show no distinct ef- 
fect of bed density on target efficiency, 
within the precision of the data, al- 
though there appears to be an indica- 
tion of a trend toward higher efficien- 
cies with increased bed density in the 
case of the fiber F-1 pads. Since the 
bed densities were not varied too 
widely however, it can only be con- 
cluded that the effect of bed density 
(or porosity) on target efficiency is 
minor, at least over the range of den- 
sities investigated. I t  is for this reason 
that single solid lines have been drawn 
through all the data for a given fiber, 
regardless of the bad density involved. 
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Filter pads: 

Type fiber: 

Fiber sizes: 

TABLE 2. SUMMARY OF RANGE OF EXPERIMENTAL CONDITIONS 

Pad densities: 
Pad thickness: 

Pad diameter: 

No. of pads in series: 

Aerosol: 

Material: 

Particle size: 

Particle character: 

Gas: 

Concentration : 
Operating conditions: 

Glass (sp. gr. = 2.50) 
Trade name Geometric 

Fiber no. (Fiberglas Corp.) diameter*, p deviation 
( Owens-Corning) Average fiber std. 

F-1 Aerocor-PF 1.29( 2.3)t 2.4 

F-2 Basic 28 7.6 1.2 
F-3 Fine wool 10.7 1.4 
F-4 Curly wool 29.4 1.1 

(Type AA 1 

(Type 115K) 
1 to 10 lb./cu. ft. 
0.1 in. 

1 or 2- in. (diameter exposed to air flow) 

5 

1 
2 

DuPont oil orange (benzene azo p-napthol), sp. gr. = 1.26, 
m.p. = 262°F.) 
mass median diameter = 0.4.~ (0.29.~)?, geometric std. 
deviation = 1.4 
supercooled spherical drops, crystallized into needles on 
shock or after 10 to 20 min. 
Air at nominally atmospheric pressure and temperature (ac- 
tually 6 em. Hg gauge, 27°C.) 
1 to 2 mg./ cu. ft. 

Superficial filter velocity: 0.02 to 20 ft./sec. 

a Specific surface average fiber diameter. 
t Value in parenthesis is corrected value as based on later work; see appendix for detail. 

From the fact that a correlation was 
obtained by neglecting electrostatic 
effects one might conclude that such 
effects were absent in these tests. If 
however an electrostatic separation 
criterion followed the same trend in all 
the tests as one of the other separation 
numbers, this conclusion would not be 
valid. A consideration of the various 
electrostatic separation criteria (9) re- 
veals that the parameter that measures 
electrostatic deposition by induction 
would be directly proportional to the 
diffusional separation number N a a  if 
any surface charge concentration had 
been the same on all fibers tested. 
While this would represent a coinci- 
dental condition, it is not an unlikely 
one. The only direct evidence against 
this possibility is the fact that, as will 
be shown later, target efficiencies ob- 
tained are of the order of magnitude 
that would be expected if diffusion 
were a controuing factor in the ab- 
sence of inductive electrostatic deposi- 
tion. 

DISCUSSION OF RESULTS 

The data of Figures 5 and 6 suggest 
limiting curves for N,,  = 0. These 
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have been drawn in as dotted or short- 
dashed curves. In Figure 5 this limit- 
ing curve may be regarded as the tar- 
get efficiency at low Reynolds numbers 
if inertial interception were the only 
deposition mechanism. In Figure 6 the 
limiting curve would correspond to 
the target efficiency to be expected at 
low Reynolds numbers if diffusion 
were the only deposition mechanism. 

Langmuir (6) reports a calculated 
value of N,‘ of 0.27 below which no 
deposition by inertial interception can 
occur at low Reynolds number in the 
absence of flow-line interception 
( N 8 ,  = 0) or diffusion (Naa = 0 ) ,  al- 
though he gives no details as to the 
method of arriving at this value. This 
value was used as an asymptote in 
drawing the limiting curve for N,, = 
0 in Figure 5. Also shown as a dotted 
curve in Figure 5 are the calculated 
values reported by Langmuir and Blod- 
gett (7)  for potential flow. These 
values would correspond to the target 
efficiencies to be expected for pure 
inertial interception (that is for N , ,  
and N , ,  = 0) at very high Reynolds 
number and should be much greater 
than those for viscous flow. 

Davies ( 3 ) ,  Langmuir (6), Lewis 
and Smith ( 8 ) ,  Natanson (11), Ranz 
( 1 2 ) ,  and Stairmand (16) have all 
developed analytical expressions for 
target efficiencies under conditions of 
pure diffusion to single cylinders. Most 
of these expressions incorporate a vari- 
ety of assumptions or approximations 
and differ from each other by several- 
fold factors. For negligible flow-line 
interception = 0) these relation- 
ships may all be expressed in the form 

The dotted line in Figure 6 also has 
this form with n = YZ and a = 0.71 
and 0.87, on the corrected and uncor- 
rected bases, respectively. 

Lewis and Smith, and Stairmand, on 
the basis of radically simplifying as- 
sumptions, obtained a slope n of %. 
However their constants a were 
( ~ k J 2 )  and dF respectively. With 
the exception of Lewis and Smith all 
the other investigators have assumed 
that the sticking factor k, is unity. 
Langmuir’s derivation was based on a 
more detailed consideration of the 
underlying hydrodynamics. He ob- 
tained n = 2/3 and found a minor 
variation of the value a with Reynolds 
number. Ranz’s relationships were de- 
rived by analogy with the Froessling 
mass transfer equations and give nu- 
merical results closely approximating 
those of Langmuir. Natanson (11), 
from a rigorous application of hydro- 
dynamics, obtained equations of the 
same form as Langmuir but concluded 
that the target efficiency was 1.71 times 
that predicted from Langmuir’s equa- 
tions. Davies’ (3) equations were based 
on gross assumptions and led to a value 
of n = 1. Numerically, target efficien- 
cies predicted from Davies’ equations 
for the conditions under consideration 
are considerably lower than those cal- 
culated from the relationships of Lang- 
muir and of Ranz. 

The experimental conditions in the 
present tests were such that high values 
of N a a  were inherently accompanied 
by low values of the Reynolds number 
and vice versa. Thus when appropriate 
Reynolds numbers are used in making 
the comparison with either the Lang- 
muir, the Natanson, or the Ranz equa- 
tions, the net numerical result is ap- 
proximately the same as though the 
value of a in Equation ( 5 )  were held 
constant and n were reduced to an 
approximate value of Yz. In general 
the target efficiencies indicated by the 
dotted line of Figure 6 are approxi- 
mately three times as large as pre- 
dicted by either the Langmuir or the 
Ranz equations and approximately 
two times those predicted from Natan- 
son’s equation. 

It should be noted that the theo- 
retical equations of Langmuir, Ranz, 
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a. Uncorrected (based on original data). 
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6. Corrected (as discussed in Appendix). 

Fig. 5. Target efficiency as a function of the inertial separation number. 

and Natanson all apply to deposition 
on completely unbounded cylinders. 
For this case hydrodynamic considera- 
tions show that the value of a in Equa- 
tion (5) must decrease continuously 
as the Reynolds number decreases. 
For finite or bounded cylinders, such 
as are encountered in actual filters, it 
is to be expected that not only will the 
value of a be greater than for un- 
bounded cylinders, but it will decrease 
with decreasing Reynolds number to 
a certain point. Below a certain Reyn- 
olds number however it should remain 
constant. From considerations involv- 
ing pressure drop (beyond the scope 
of this paper) it was concluded that 
this lower Reynolds number limit de- 
creases as pad porosity increases; how- 
ever the value of a should be constant 
at  all Reynolds numbers less than 0.1 
for porosity levels encountered in 
practice. In Figure 6 in place of the 
dotted curve shown for N . f  = 0 it 
would not be unreasonable to assign 
an alternative limiting line of slope 
n = 2/3 as representative of low 
Reynolds numbers, in keeping with the 
Langmuir and Natanson predictions. 
Such a line would have a value of a 
in the range of 2 to 3. However a 
rigorous hydrodynamic consideration of 
bounded cylinders might call for a dif- 
ferent value of n as well. Consequently 
this question must be considered as 
unresolved at  this time. Experiments 
aimed at such a resolution require the 
use of either smaller aerosol particles 
or lower filtration velocities than were 
used in this study. 

As previously mentioned it is be- 
lieved that the corrected values in 
Figures 5 and 6 are of greater abso- 
lute accuracy than the uncorrected 
ones. That is especially true of the 
data for fibers F-2, F-3, and F-4, 
which reflect only corrections on aero- 
sol particle size. In fiber F-1 an addi- 
tional more questionable correction for 
fiber size is also involved. Since fiber 

F- 1 involves a relatively heterogeneous 
fiber as well (uniform fibers of this 
fine size are not commercially avail- 
able), the uncertainties arising from 
defining a proper average fiber size to 
employ in the correlation may over- 
shadow the magnitude of the correc- 
tion applied in this case. The specific 
surface average fiber diameter em- 
ployed was strictly arbitrary. It is 
probably a realistic average to use in 
calculating target efficiency. In the 
various separation parameters how- 
ever a different average diameter may 
be required, It is also likely that this 
average diameter should be defined 
differently dependent on the nature 
of the predominant separation mech- 
anism. This uncertainty is not involved 
in the case of fibers F-2, F-3, and 
F-4, all of which were relatively uni- 
form. Thus while the corrected corre- 
lations for fibers F-2, 3, and 4 are 
probably reasonably accurate on an 
absolute basis, the correlations for fiber 
F-1 are subject to considerable ques- 
tion as to their absolute (as distin- 
guished from relative) accuracy. 

APPLICATION 

Figures 5b and 6b give a quantita- 
tive representation of deposition in 
fibrous filter media in the absence of 
significant thermal, electrostatic, or 
gravitational effects. They are specific 
however for an interaction number of 
1,270 and a density parameter of 89. 
To obtain a generalization of these 
curves it would be necessary to obtain 
similiar families of curves for other 
values of N , ,  and N, .  

In general lower values of N ,  would 
be expected to result in higher values 
of target efficiency. However since N ,  
essentially measures residual Reynolds 
number of flow pattern effects, it is 
unlikely that variations in this param- 
eter will cause significant deviations 
from the curves of Figures 5b and 6b, 
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unless the Reynolds number exceeds 
0.1, and will probably not cause major 
deviations until the Reynolds number 
exceeds 10. 

In practice, variations in the value 
of the interaction number N , ,  will be 
encountered primarily as the result of 
different aerosol particle sizes. In gen- 
eral for higher values of N , ,  curves of 
constant N , ,  would be expected to lie 
below those of Figures 5b and 6b; 
lower values of N.,  would result in 
curves above those of Figures 5b and 
6b. In either case however curves of 
constant N , ,  should approach those of 
Figures 5b and 6b at high values of 
N,+ and Nld, respectively (that is at 
the right-hand side of each figure). 
In other words for high values of N.c 
and N a d  the curves of Figures 5 and 6 
would be sensibly independent of the 
value of N a C .  This conclusion follows 
from the fact that N. ,  measures the 
added effect of the deposition mech- 
anism that is not specified in the solid 
curves of Figures 5b and 6b. Since for 
either very high values of N , &  or N.a 
either inertial or diffusional deposition, 
respectively, will be controlling, this 
added effect will be relatively neglig- 
ible. Similarly at  very high values of 
N , ?  the effect of variations in N , ,  will 
become minimal. 

In the absence of more extensive 
data defining the complete families of 
curves for various values of N,,  the 
following procedure is suggested for 
utilizing Figures 5b and 6b to obtain 
a first order design approximation. For 
the specific values of the separation 
numbers N,,, N ,+ ,  and N.6 involved in 
a particular problem, obtain from Fig- 
ures 5b and 6b the target efficiency 
indicated for each of the three com- 
binations of two of these separation 
numbers. To obtain the target efficiency 
corresponding to the N.+ and N,* 
combination it will be necessary to 
refer to the long-dashed curves. In 
general this will yield three values of 
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a. Uncorrected (based on original data). b. Corrected (as discussed in Appendix). 

Fig. 6. Target efficiency as a function of the difusional separation number. 

target efficiency. For the singular case 
where N , ,  is equal to 1,270 all three 
values of target efficiency so obtained 
will, of necessity, come out equal. If 
the actual value of N. ,  involved is less 
than 1,270, use the highest of these 
three target-efficiency values; if N, ,  is 
greater than 1,270, use the lowest 
value of 

In the correlations given here the 
interaction number has been specified 
as a parameter. It would be equally 
rigorous to use the conventional 
Schmidt number as an alternative. The 
choice between the two would depend 
entirely on which proves to be the 
more convenient or expedient; in other 
words which one would result in the 
least spreading of curves of constant 
N., due to variations in the two 
parameters. This can only be estab- 
lished by additional data in which 
these two parameters are varied widely. 

It wilI be noted that the term k, 
appears in both N , .  and N,.  This comes 
about from the empirical way in which 
mean free-path effects on aerosol 
particle motion have been allowed for 
by the use of the k, factor as a cor- 
rection for viscosity in defining N,, 
and N.d. In the more general case 
mean free-path effects may also in- 
fluence the flow around the fiber as 
discussed by Langmuir ( 6 ) .  This ef- 
fect can be of practical significance 
either with fibers much smaller than 
I-p diam. or for operation at  very low 
gas pressures, as at high altitude. Such 
effects would result in higher target 
efficiencies than would be predicted 
in their absence. To handle this gen- 
eral case an additional parameter, the 
Knudsen number, must be introduced 
(9)  into Equations (4). The Knudsen 
number may be used to measure mean 
free-path effects both on the aerosol 
particle and on the collecting fiber by 
the omission of k,; when one retains 
the k, term as in the present defini- 
tions, it may be used to measure only 
the added influence on flow around the 
fiber. It is also possible to use the 
term k, as a sole measure of all mean 
free-path effects, since for specific 
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values of N . ,  and k, the Knudsen 
number is determined. Here again the 
most expedient approach can only be 
determined by additional data based 
on very low pressure filtration tests. 

SUMMARY AND CONCLUSIONS 

Data have been obtained on the 
deposition of aerosols on glass fibers 
over a wide range of filtration veloci- 
ties, fiber sizes, and pad densities 
(Table 2) .  The data clearly demon- 
strated the reduction in collection 
efficiency with increase in velocity at 
low velocities where diffusion is con- 
trolling, the increase in collection 
efficiency with increase in velocity at 
high velocities where particle inertia 
is controlling, and the relative inde- 
pendence of collection efficiency and 
velocity at intermediate velocity levels 
where flow-line interception is signi- 
ficant or predominant. 

Evaluation of the data in terms of 
existing theories of deposition, which 
vary widely amongst themselves, in- 
dicated nominal agreement with the 
theory of Langmuir ( 6 ) ,  as modified 
by Natanson (II), for diffusional 
deposition. 

A method has been presented for 
generalizing the principles governing 
deposition of aerosol particles in fi- 
brous packing by the combined effects 
of flow-line interception, inertial inter- 
ception, and diffusional deposition. 
Good correlation of the experimental 
data was obtained by this method. 
However a need for specific additional 
data was indicated to provide ranges 
necessary for general design utilization. 
The nature of deviations to be ex- 
pected for such extended ranges is 
discussed together with a means for 
extrapolating the present data to ar- 
rive at design approximations in the 
absence of such additional data. 
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NOTATION 

a = proportionately constant, di- 
mensionless 

A, = superficial filter pad area, sq. 
cm. 

D ,  = representative dimension or 
diameter of collecting body, 

= aerosol particle diameter, cm. 
= d8usion coefficient for aero- 

sol particle 5 k, R T / h p  
NA D,, sq. cm./sec. 

D.F. = decontamination factor, = 

e = base of natural logarithms, = 
2.71828.. . . 

k, = Stokes-Cunningham correc- 
tion factor for mean free 
path of gas molecules, di- 
mensionless 

k, = sticking factor; fraction of 
aerosol particles striking fi- 
ber surface which remain 
adhering (reference 8),  di- 
mensionless 

cm. 
D, 
D, 

log10 C1/(1- T r ) l  

In = logarithm to base e 
L ,  = depth of filter pad, cm. 
M = molecular weight of gas, 

m, = mass of filter pad, g. 
NA = Avogadro's number = 6.025 

x 10" molecules/g.-mole 
N,. = Reynolds number = puaDb/ 

p, dimensionless 
N,, = interaction number = 18w/ 

g. /g.-mole 

k,p,D, = NslaN,,Nsa, di- 
mensionless 

N.,  = diffusional separation num- 
ber = D,/u.D,, dimension- 
less 

N , ,  = flow-line separation number 
= DJD,, dimensionless 

N , ,  = gravitational separation num- 
ber = uJu,, dimensionless 

N.,  = inertial separation number = 
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k , p p D ~ u . / 1 8 p  D,, dimen- 
sionless 

N ,  = number of transfer units, di- 
mensionless 

N ,  = density parameter = k,p,/ 
18p = N,,/NR,N.,2,  dimen- 
sionless 

= gas constant = 8.317 x 10' 
(erg.) / (g .  mole) ("C.)  

R 

T = gas temperature, OK. 
U. = superficial 6lter medium ve- 

locity ( that  is velocity based 
on area A,) ,  cm./sec. 

Ut = gravitational terminal set- 
tling velocity of aerosol par- 
ticle, cm./sec. 

Greek Letters 
= porosity; fractional volume 

of filter p a d  not occupied by 
fiber, dimensionless 

= pad efficiency; weight frac- 
tion of aerosol particles en- 
tering pad collected in pad, 
dimensionless 

= fiber target efficiency; weight 
fraction of aerosol particles, 
in air volume swept out by 
fibers, that is deposited on 
fibers, dimensionless 

= gas viscosity, poises 
= gas density, g./cc. 
= true density of collecting 

body fibers, g./cc. 
= aerosol particle density, g./ 

= function of 
cc . 
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APPENDIX 

In recent investigations subsequent to 
the above study certain factors were re- 
vealed which reflect on the absolute ac- 
curacy of the above data, although they do 
not affect the general validity of the data 
and correlations. In order to clarify the 
record it is the purpose of this note to 
present these subsequent findings and their 
influence on the above data. 

Using essentially the same basic equip- 
ment and aerosol used in the above study 
Marshall (10 )  found that in order to ob- 
tain a correct particle size analysis with a 
stationary jet impactor it is necessary to 
restrict the amount of aerosol collected by 
the impactor slide below a certain critical 
value (on the order of 0.01 mg. of dye for 
a jet having a 0.02-cm. slot, 1 cm. long). 
Greater accumulations of dye indicated 
progressively larger apparent particle sizes 
because of interception by previously de- 
posited material. The use of a viscous 
liquid coating on the impactor slide did 
not prevent this effect. It is believed that 
this phenomenon will be encountered with 
any solid or supercooled-liquid aerosols. 

In the above study this effect was not 
recognized, and jet impactor deposits were 
heavier than permissible on the basis of 
Marshall's findings. Thus the true aerosol 
diameter was probably lower than the 
value of 0.4 p reported. In this more re- 
cent study Marshall obtained a mass 
median diameter of 0.29 p for the same 
dye aerosol, generated at the same opera- 
ting conditions in substantially the same 
equipment. Unfortunately however some 
minor mechanical changes had also been 
made in the generator. Thus while it 
cannot be certain that Marshall's aerosol 
was entirely the same as the one used in 
the currently reported study, it is believed 
that this was the case, as adjudged by 
Marshall's apparent particle-size results 
when operating the same jet impactors at 
comparable deposit densities. 

In another subsequent and closely reIated 
study at another location Wright et al. 
( 1  7 )  concluded that the electron micro- 

scope technique used for measuring fiber 
diameter yielded erroneously low average 
fiber diameters. This was first discovered 
with Owens-Corning type B glass fiber for 
which values of specific surface average 
diameters of 5.60 and 2.85 p were obtained 
with the optical and electron microscopes, 
respectively. This difEerence was attributed 
to a selective fracturing of the finer fibers 
in mounting techniques used for preparing 
the electron microscope slides; no fractur- 
ing was involved with the optical micro- 
scope. A similar check on a type AA glass 
fiber gave specific surface average dia- 
meters of 3.3 and 1.86 p with the optical 
and electron microscopes, respectively. In 
the currently reported study fiber F-1 was 
a type AA fiber and was measured with 
the identical electron microscope mount- 
ing technique. It is believed therefore that 
the true average fiber diameter should be 
larger than the 1.29 p reported. Although 
fiber F-1 was from an entirely different lot 
than Wright's type AA fiber, the ratio of 
diameters obtained by Wright with the 
two techniques should be applicable to 
obtain an approximation of the corrected 
diameter of fiber F-1. On this basis a 
corrected value of 2.3 fi is obtained for 
the specific surface average diameter of 
fiber F-1. A correction of this type is not 
involved in the case of fibers F-2, F-3, and 
F-4, all of which were relatively uni- 
form fibers measured with the optical 
microscope. 

When one applies the corrections in- 
dicated by the more recent findings of 
both Marshall (10 )  and Wright ( 1 7 ) ,  
the following corrections to the original 
data reported in the current paper would 
be indicated: 

Corrected aerosol properties: 

Original 
value 

p, g./cc. 1 . 2 5 ~  10-3 
P P ,  g./cc. 1.26 
fi, centipoises 0.0183 
Dm P 0.40 
k ,  1.42 
Do, sq. cm./sec. 8 . 6 ~  lo-' 
ut, cm./sec. 8 . 5 x  
N . ,  2,140 
NP 80 

Corrected 
value 

1 . 2 5 ~  104 
1.26 
0.0183 
0.29 
1.59 
1.30X lo-* 
5.0 x lo-' 
1,270 
89 

Corrected values of correlation parameters : 

Parameter correction factor 
(Value by which original 

parameter must be multiplied 
to obtain corrected parameter) 

Fiber 
number ?)t  Naf N s h  N a d  

F- 1 1.78 0.41 0.33 0.85 
F-2 1.00 0.73 0.59 1.51 
F-3 1.00 0.73 0.59 1.51 
F-4 1.00 0.73 0.59 1.51 

The above factors give the magnitude of 
the correction inferred from these later 
works. The correlations based on the 
original data are shown in Figures 5a and 
6a. Figures 5b and 6b were derived 
from Figures 5a and 6a by applying the 
above correction factors to the individual 
data points. 
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