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I. The Internal Structure of Filter Media 
The internal structure of various types of filter media and the nature of fluid flow through 

them are examined. Methods of characterizing the internal pore structure of filter media 
are reviewed, and the permeability, bubblepressure, and mercury-intrusion methods are 
applied to ten typical media, with resulting values of average and maximum pore radius 
and poresize distribution being reported. These data on internal pore structure are re- 
lated to the construction variables characteristic of the media examined, in particular 
the effect of yarn construction, yarn twist, fabric weave, and fabric finish on textiletype 
filter media. 

The filter medium is an essential and 
very critical component of every filtration 
step and can make or break i t  from either 
an economic or a performance standpoint. 
Commercial filter media have been 
developed through the trial of hundreds 
of textile fabrics and other porous 
materials. Most of these were originally 
intended for other purposes, but through 
experience some five hundred or more 
have been found useful for filtering 
liquids. New filter media continue to 
evolve by this means. Few engineering 
criteria exist for the selection of existing 
filter media or for the design and con- 
struction of new media for efficicnt 
performance in the various types of 
filtration service. This lack of a quanti- 
tative basis for both the design and 
selection of filter media is largely respon- 
sible for the wide and continually chang- 
ing variety of filter media in general use. 

Experimental procedures for correlat- 
ing physical characteristics, internal 
structure, and performance are needed 
before any major improvement in this 
situation can be expected. A means of 
quantitatively relating these factors should 
result eventually in the design of the best 

filter media for particular types of service. 
The immediate objectives of the work 
reported in Parts I and I1 of this paper 
were the development and application of 
techniques for evaluating porc structure 
and functional performance of filter 
media and the correlation of these factors 
with each other and with other measured 
properties of filter media. 

STRUCTURE OF FILTER MEDIA 

Filter media can be divided into three 
general classes: (1) a wide variety of woven 
textile fabrics, (2) random-packed beds 
of a fibrous material (including compacted 
or mechanically bound beds such as 
pressed felts, paper, and nonwoven 
fabrics), and (3) random-packed beds of 
rigid particles (including pressed and/or 
sintered compacts of such materials). 
Media composed of random-packed beds 
exhibit a highly random distribution of 
pore volume, show a great tortuosity of 
interconnecting pore structure, and are 
probably composed of interconnecting 
pores which contract and expand con- 
tinually along any path through the 
medium. By contrast, woven filter media 

exhibit a highly oriented structure and 
are composed of distinctly different inter- 
yarn and interfiber pores, many of which 
are probably less tortuous than those 
through a packed bed. 

General experience has indicated that 
to be a practical filter medium, a packed 
bed must be composed of particles or 
fiben appreciably larger, in a t  least one 
dimension, than the particles to be 
removed and that thc particles or fibers 
in the packed bed must be of such a size 
and shape distribution that the packed 
bed is of a high porosity even when 
subjected to normal filtration pressure 
drop. Only meager information is avail- 
able on the use of packed beds (other than 
sand beds for water clarification, which 
is a special case) as the medium for 
liquid filtration. Filter aids have been 
studied by Carrnan (7) ,  Cummins (9), and 
Hoffing and Lockhardt ( d l ) ,  but prin- 
cipally as additives to increase filter-cake 
permeability; their use in precoat form 
as the filter medium itself and the physical 
properties of such precoat beds have not 
been considered. The relationship be- 
tween particle removal from a passing 
gas stream and the structure of filter 
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beds of fibers has been considered theo- 
retically by Langmuir (27) and Davies 
(II), whose work has been well sum- 
marized by Thomas (43). However, their 
work does not considcr the effect of bed 
structure on the rate of plugging even 
for gas filtration and may not be gener- 
ally applicable to liquid clarification 
because of differences in the basic mech- 
anism of particle collection and reten- 
tion. Thus the need for information on 
the structure and performance of packed 
beds as filter media for liquids appears 
second only to the need for similar inform- 
ation on woven filtcr media. 

Ii’hile woven filter media arc more 
widely used for liquid filtration than are 
packed-bed media, the weavers and 
vendors have little knowledge of internal 
pore structure and the effect of construc- 
tion variablcs (such as filamcnt or staple 
denier, number of filaments, yarn packing 
structure and twist, plying of yarns, 
type of weave structurc, and various 
finishing operations) on either the pore 
structure or the functional performance 
of the medium. Recently Schwarz (38) 
considered the effect of yarn structure on 
fabric properties. He points out that only 
a few of the various types of possible fiber- 
packing arrangements are sufficiently 
stable for good results, and he presents 
micrographs of sections of single and 
plied yarns which show the nature of 
interfiber voids with various yarn struc- 
tures and yarn twists. He concludes that, 
in general, decreasing filament denier, 
increasing the number of filaments per 
yarn, and increasing yarn twist, all tend 
toward producing a smaller and more 
uniform interfiber void, although a 
design yielding a stable packing arrange- 
ment is an essential first requirement. 
More recently Hoffman (22) has con- 
sidered the effect of fabric design and 
construction on the density, or porosity, 
of both the yarns and the over-all fabric. 
He predicts that a range of filament 
denier in the yarn structure will result in 
greater yarn porosity and larger interfiber 
voids because of a “wedging-apart” 
action. Hoffman also emphasizes the 
practical importance of the flattened or 
elliptical cross section of yarns when 
considered in the actual fabric and shows 
section vicws of various fabrics to  illus- 
trate this important point. This elliptical 
shape is characteristic of tight fabrics 
such as filter media and is further pro- 
moted by fabric-finishing procedures such 
as calendering. According to  Hoffman, 
increasing yarn twist alone results in a 
thicker fabric, a lower porosity yarn, a 
more open weave, and a more nearly 
circular yarn within the fabric. 

Backer (3) has shown the general effect 
of interyarn geometry (i.e., weave con- 
struction) on shape and area of pores at 
various cross sections through the fabric 
and has related these to the permeability 
characteristics of certain fabrics. Smith 
(42) in a recent discussion of filter-media 
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properties and performance emphasizes 
the role of high yarn twist in reducing 
the volume of interfiber pores and the 
importance of filtering through interyarn 
instead of interfiber pores to prevent 
cloth plugging in cake filtrations. Silver- 
man (41) has emphasized the importance 
of fiber diameter and total specific surface 
of the filter medium in removing small 
dust particles from dilute-gas suspensions. 
Thesc factors, however, merely form a 
method of expressing effective pore radius 
in terms of fiber properties but fail to 
takc into account yarn and Keave con- 
struction, which also influences pore 
radius. 

FLOW THROUGH FILTER M E D I A  

Initial considerations require a knowl- 
edge of the flow and flow resistance with 
unused media before any understanding 
can be achieved of flow during the block- 
ing period of actual filtration. For packed 
beds of fibers or solid particles, a large 
amount of information is available on 
correlation of flow resistance with bed 
properties, and this was reviewed recently 
as applied to filtration (19). For woven- 
filter media the picture is complicated by 
the highly oriented nature of the fiber 
packing. The idealized case of a monofila- 
ment weave, as represcnted by screens, 
has been trcated by several workers 
(20,32, and 36) and by a screen manufac- 
turer (1) .  These treatments are all similar 
and are based on development of a cor- 
relation of discharge coefficient vs. 
Reynolds number and the fractional free 
area represented by intcryarn pores. 

Robertson (SG)  has attempted to  
extend this treatment to multifilament 
and staple yarn fabrics with only limited 
success. For plain weaves of rathcr open 
construction, correlation by this method 
was fairly satisfactory, but for more 
complex weaves and particularly for 
weaves of tightness approarhing that of 
most woven filter media, the mcthod 
failed badly. This probably results from 
the fact that as interyarn pores become 
smaller or more tortuous, an appreciable 
amount of fluid flow through the inter- 
fiber pores in parallel with the interyarn 
pores. Data on various filter media have 
shown that while values for air flow and 
liquid flow through monofilament media 
usually agreed, with multifilament and 
staple-yarn media the resistance to liquid 
flow is almost always considerably 
greater than would have been predicted 
from the air-flow resistance. In some cases 
this discrepancy results largely from 
swelling of the fibers in the liquid. In 
many cases with synthetic fibers, how- 
ever, swelling is not a factor, and this 
discrepancy is believed to result from the 
division of flow between parallel interyarn 
and interfiber pores and from possible 
slip flow of air in the interfiber pores. 
Recent results of Cunningham e t  al. (10) 
have further confirmed this observed 

discrepancy and have suggested that 
wetting phenomena may also be involved. 

No sound data are available on this 
division of flow with tightly woven 
media, and litcrature reports are con- 
flicting. Robertson (36‘) rcports that com- 
plete plugging of interfiber pores of such 
media decreased permeability only 10% 
and Smith (42) rcports that complete 
plugging of interfiber pores reduced 
permcability 95 to 98% with similar 
low-twist fabrics. Probably thc magnitude 
of the effect even with tightly woven 
fabrics is largcly dependent on many 
factors involvcd in fabric construction. 
Backer (3)  has considered thc effect of 
many of these design factors on division 
of flow through interfiber and interyarn 
pores and ovcr-all pcrmcal)ility. He 
concludctl that more numcrous interlacing 
of tlic yarn system (higher f:ilwic count) 
reduces pcrmenbility by simultaneously 
reducing the size of both intcryarn and 
interfiber porcs, othcr factors remaining 
constant. On the other hand, Robertson 
(SG) found that if all elenicnts other than 
twist are held constant, thc permeability 
increases as the twist is inci.eased even 
though the interfiber pores decreased in 
size with increasing twist. An explanation 
of this may be that as the twist increases 
and interfiber pore size decreascs, the 
interyarn pore size increases, and the 
division of flow shifts more to the inter- 
yarn pores. 

Rainard (,?6), in correlating air-permea- 
bility data in textile fabrics, has taken a 
different approach from that of most 
other workers. On the basis of his data, 
he proposes an empirical equation of the 
form 

This is similar in form to equations pro- 
posed inorc reccntly by Durwez and 
Green (1.5) to  describe flow through metal 
compacts and by Ergun (27) to describe 
flow through packed columns. Although 
h ina rd ’ s  data were insufficient to define 
the exact nature of C, and C?, he sug- 
gested on t,heoretical grounds that 

where b is a constant to account for the 
variation in velocity resulting from ex- 
pansions and contractions along the 
length of the pores. Actually the empiri- 
cally determined values of CI obtained by 
Rainard were probably also a function 
of the distribution of flow betwcen inter- 
fiber and interyarn pores. 

PORE-SIZE MEASUREMENT 

The size distribution, shape, tortuosity, 
and volume of pores in a filtcr medium 
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are of prime importance to the retentive- 
ness, flow resistance, and plugging rate 
in filtration service. Available information 
also indicates that a knowledge of these 
properties is an essential intermediate 
link between the performance properties 
of a medium and the construction of the 
medium. Initial work on this problem 
resulted in development and application 
of procedures for measuring average and 
maximum pore size of woven media. 
The values of average pore radius so 
obtained are calculated from liquid- 
permeability data for the viscous-flow 
range employing a modification of the 
Kozeny-Carman relationship. Thus for a 
circular pore of radius r, the hydraulic 
radius 

m = rp /2  
and 

where So can be calculated from the re- 
sistance coefficient of the medium by em- 
ploying the Kozeny-Carman relationship 
in the form 

' 0 (1.075 X lo3) 
(1 - €)% (L) s," = 

(5) 

The resistance coefficient of the filter 
medium R,' is calculated from liquid- 
permeability data in the viscous-flow 
range by use of the relationship 

The pore radius so obtained is probably 
an average falling between the radius of 
interfiber pores and that of interyarn 
pores, but on a comparative basis these 
values have proved very useful in selec- 
tion of filter media. A similar method has 
been used recently by Schwertz (S9) to 
determine average pore size and pore- 
population density of fritted-glass filter 
disks; however, gases were used instead 
of liquid and this necessitated use of a 
slip-flow correction of uncertain accuracy. 
Other methods of calculating an average 
pore radius from permeability data have 
been employed by many workers dealing 
with membranes (16, 28, $9, 31). This 
method assumes that pores are straight- 
through, parallel capillaries of length 
equal to the membrane thickness. With 
this assumption, Poiseuille's law can be 
transformed to yield a pore radius 
directly, 

Although this method has been applied 
to calculate pore sizes in sintered ceramic 
filters ( la) ,  such use is dacul t  to recon- 
cile with the basic assumption of straight- 

through pores made in its derivation. 
Thus this method does not appear so 
applicable to either woven or packed-bed 
filter media as does the modified Kozeny- 
Carman relationship. 

Measurement of size of maximum pore 
by the bubble-pressure method is not 
new and has been widely applied to 
membranes (4 and SO) and fine structure 
of porous ceramic bodies (26 and 2) .  
More recently it has been applied to 
textile fabrics (39) in studies relating to 
their water repellency. The bubble 
method depends simply on equating 
forces a t  the entrance to a liquid-filled 
capillary. Thus if a circular pore cross 
section is assumed, the radius of maxi- 
mum pore is calculated from 

2a COS e r ,  = (0.1448) ~ Apb 

where cos 0 = 1 if a liquid which wets 
the medium is used to fill the pores 
initially and is displaced by a gas. For 
this special case the liquid which pref- 
erentially wets the solid prevents the 
interfacial surface between liquid and gas 
from ever touching the solid; thus one is 
dealing with a two-phase fluid system, 
and the porous material is important only 
insofar as it imposes dimensional limita- 
tions on the system. Combined with the 
value of average pore radius obtained 
from permeability measurements, the 
maximum pore radius has proved a 
useful tool in selection of filter media, 
the ratio of maximum to average giving 
some measure of uniformity of pore 
sizes present. The bubble method can be 
modified to measure the rate of gas flow 
a t  various increasing pressures after 
the critical pressure for bubbling is 
reached; by this means a form of pore- 
size distribution can be calculated as 
Bechhold (5),  Grabar (18), and Ruemele 
(S7) did. The theory and method of cal- 
culation involve numerous doubtful as- 
sumptions, although these have been 
clarified recently and the method of 
calculation has been improved upon by 
Ishkin and Kazaner ($4). 

PORE-SIZE DISTRIBUTION MEASUREMENT 

For packed-bed and woven filter media, 
two other methods of pore-size measure- 
ment are possible which are potentially 
capable of yielding a complete pore-size 
distribution curve for almost any type 
of filter media. The first of these, which is 
based on physical adsorption of a gas by 
capillary condensation on the pore walls 
of the solid, utilizes a modified form of the 
Kelvin equation. Thus in a circular 
capillary of radius T,  the saturation vapor 
pressure of a liquid is reduced from po 
to p l ,  where, with a zero angle of contact 
assumed, p l / p o  is given by 

(9) 

For a given liquid a t  constant tempera- 
ture, therefore, r is only a function of pl ,  
provided that c and p ,  are constant. It 
follows that if an adsorption isotherm 
for a porous medium is drawn as er 
against p ,  where v = milliliters of liquid 
adsorbate per gram of adsorbent, it is 
necessary only to convert values of p ,  to 
corresponding values of r to obtain the 
pore-size-distribution curve. The limita- 
tions and difficulties of this method are 
summarized by Carman (8), who has 
successfully applied it to porous powder 
plugs with pore radii of 5 to 40 i., and 
by Pierce (SS), who has more recently 
applied the method successfully over the 
pore-size range of 25 A. to 0 .1~ .  As yet 
the method has not been successfully 
applied to the 0.1- to 200-p pore-radius 
range, which is of most interest with 
normal filter media. 

The second method capable of yielding 
a complete pore-size distribution is the 
liquid-intrusion method first suggested 
by ' Washburn (45). Because the liquid 
used must be nonwetting with respect to 
the porous solid, mercury has been most 
widely used and the method has become 
known as the mercury-intrusion method. 
The method was first successfully applied 
by Ritter and Drake (IS and 34) for the 
pore-size distribution of 8 such materials 
as fritted glass, activated clays, diatoma- 
ceous earth, and silica gel, covering a 
pore-radius range from 0.01 to 1 . 0 ~ .  
Drake (14) later used the method for 
further work on the pore structure of 
catalyst supports. The method was first 
successfully applied to the textile fabrics 
by Burleigh and associates (6), and this 
application was more recently extended 
by Wakeham and Spicer ( 4 4 ,  and 
Honold and Pkau (23). Cotton apparel- 
type fabrics were examined and an effort 
was made to correlate interfiber pore 
volume or radius with air permeability. 

The mercury-intrusion method is de- 
pendent both on the experimental meas- 
urement of the volume of mercury 
entering the pores of a submerged sample 
as the absolute pressure is increased and 
on the relationship between pore size and 
the pressure required to overcome surface- 
tension forces and to force mercury into 
the pores of the sample. When pores of 
circular cross section are assumed, the 
pressurizing equation takes the simple 
form 

(101 
-zU COS e r = (0.1448) 

P 
where r is radius of pore consthction a t  
which the pressure forces are in equilib- 
rium. When an evacuated sample of a 
porous material is submerged in a non- 
wetting fluid such as mercury and sub- 
jected to continuously increasing pressure, 
a unique pressurizing curve of cumulative 
mercury volume in the sample vs. pres- 
sure is obtained if it is assumed that 
contact angle and surface tension remain 
constant. On the basis that the volume 
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Fig. 1. Dilatometer apparatus for measurement of pore-size distribution: A ,  sample cell; B, electric valve; C, calibrated capillary, open 
leg; D,  dilatometer casing; E ,  difftision pump; F, mechanical forepumps; G, mercury reservoir; H ,  squeegee mercury-recirculating pump. 

of liquid entering the pores is a function 
of the radius of the pores as the pressure 
is, increased, a distribution function of 
pore size can be derived (54), and 

where r is the radius of pores in equilib- 
rium at absolute pressure p [calculated 
from Equation (lo)] and d(AV)/V.o d p  is 
the slope of the pressurizing curve at 
pressure p ,  this slope being determined 
by graphical differentiation. 

The assumptions inherent in the appli- 
cation of Equation (11) are that the pore 
cross section is circular, that u and 8 re- 
main constant during measurements on 
a single sample, and that satisfactory 
values of u and 8 are used for each sample. 
The assumption of circularity of pore 
cross section is the most likely source of 
error. If for noncircular pores the “true” 
pore radius is considered to be the radius 
of the largest possible inscribed circle, the 
constant 2 in Equation (10) can be shown 
to vary between 1.0 and 3.0 for extremes 
of noncircular pore shape and packing. 
Therefore, depending on pore shape, the 
distribution curve obtained from Equa- 
tion (11), if circular pores are assumed, 

might be shifted toward either smaller or 
larger values of pore radius than the 
“true” pore radius for a noncircular pore. 
With woven filter media any error may 
be relatively constant as pore shapes 
probably do not change radically. Simi- 
larly, an error in contact angle or surface 
tension would have the effect of shifting 
the derived distribution function on the 
radius axis. In  this work the I.C.T. 
value of surface tension of mercury in 
vacuum was used and contact angles 
between mercury drops and the samples 
were photographed and measured. 

Nonrigidity of the pore system of a 
material such as a fabric might conceiv- 
ably lead to compression of the sample 
during measurement and to distortion of 
the pore-size-distribution curve. However, 
with the materials examined, 50 to 90% 
of the pore volume of the samples were 
filled a t  absolute pressures of 10 Ib./sq. in. 
or less, so that sample distortion over 
this major portion of the distribution 
curve was minimized. Also, this filling of 
the major portion of pore volume before 
the higher pressures were reached sta- 
bilized the samples so as to minimize 
further sample distortion during the driven valve. 
remainder of the pressurizing curve. 
Interpretation of the results in the form 

Fig. 2. Dilatometer sample cell with motor- 
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of distribution curves must be tempered 
by a redisation of the probable effect of 
expansions and contractions in the pore 
structure. Thus any point on the curves 
of D(r)  vs. T represents pore volume per 
micron size interval, which can be 
entered by the mercury only through a 
constriction of radius r .  Thus the effect 
of such restrictions in either the open 
pore structure or in closed "ink-bottle" 
pores results in a hysteresis loop as 
pressure is released and mercury leaves 
the pores at the end of the run. This 
hysteresis effect is similar to that observed 
for the isotherms in physical-adsorptions 
measurements, and possible quantitative 
treatment of this hysteresis effect is 
discussed by Katz (25) and Drake (14). 

lated through a similarly evacuated reser- 
voir so as to remove air from the solution. 
After 4hr.  evacuation (absolute pressure 
usually 10 to 2 0 ~ ) )  mercury from the 
reservoir was introduced into the U tube 
of the dilatometer until the mercury level 
rose to the valve level over the sample cell. 
The valves between the U,tube and mercury 
reservoir were closed, as was the electrically 
operated valve a t  the top of the sample cell. 
Pressurizing of the casing was then started 
and continued in small increments every 
2 to 3 min., a total of 40 to 50 pressurizing 
steps being included between 0.6 lb./sq. in. 
gauge and 350 lb./sq. in. abs. Descent of 
mercury in the open leg of the U tube was 
observed through the window by means of 
a cathetometer which allowed the level to 
be read to the nearest 0.005 cm. The capil- 
lary comprising the open leg of the U tube 

was calibrated against a certified microbu- 
rette over its entire length of 50 cm., and 
was found to have a uniform bore capacity 
of 0.00357 ml./mm. f 0.00002 ml./mm. 
over its length. Pressure in the dilatometer 
casing was raised by bleeding air until 
atmospheric pressure was reached and by 
introducing nitrogen a t  above atmospheric 
pressure. All pressures up to 15 lb./sq. in. 
gauge were measured by mercury manom- 
eters corrected for barometric pressure. 
Calibrated Bourdon tube gauges were used 
from 15 to 350 lb./sq. in. gauge. 

Blank runs were made initially in order 
to correct for any slight expansion of the 
dilatometer piping during the pressurizing 
cycle as well as for slight mercury penetra- 
tion of supporting screens during pressuriz- 
ing. These blank runs were made with two 
and four supporting screens present, and 

Fig. 3. Dilatometer calibration: blank-run correction curves, no sample ; 0 two No. 8-mesh 
support screens; 0 four No. 8-mesh support screens. 

ABSOLUTE PRESSURE AT SAM. W/SQ IN. 

Fig. 4. Dilatometer pressurizing curves; 
AV/Vo, cc. mercury/cc. solid sample. 

EQUIPMENT A N D  EXPERIMENTAL METHODS 

For the application of the mercury- 
intrusion method to most woven and 
packed-bed filter media, a pore-radius range 
of 0.3 to 180, must be covered. This cor- 
responds roughly to an absolute pressure 
range of 0.6 to 350 lb./sq. in. Such a range 
had not previously been covered by a single 
dilatometer, the only reported work over 
this range (23) requiring three separate 
dilatometers. In order to make uninter- 
rupted pore-size measurements over this 
entire range by use of a single sample of 
filter medium, the U-tube dilatometer 
shown in Figures 1 and 2 was designed and 
constructed. This U-tube dilatometer (Fig- 
ure la) has the sample cell and an electri- 
cally driven valve a t  the top of one leg and 
the other leg consists of the calibrated 
capillary with open end. The sample was 
held in a horizontal plane between 8-mesh 
stainless steel screens within the sample 
cell, which is shown disassembled in Figure 
2. Before the mercury is introduced, the 
entire dilatometer casing (shown closed and 
assembled with accessory equipment in 
Figure l b )  was evacuated by a mechanical Fig. 5. Photomicrographs of contact angle between mercury and filter medium (filter 
forepump and mercury-diffusion pump. medium inclined loo from horizontal) : top left, TF-5071-F Orlon, e, = 147'0; top right, 
Meanwhile the system mercury was circu- 
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the correction curves of Figure 3 were 
obt:tined for subsequent use in correcting 
pressurizing curvos obtained with various 
media. Size of samplcs of filter medium used 
in e:tch run were chosen so :is to yield a 
final mcrcury dcprcssiori in  the capillary 
of a t  l e s t  25 cm., and size varied from 
0.5 to 9 sq. in. depending O I L  medium 
thickness. b-ith wry  thin nic:dia, two or 
thrw 1:iyers of sample wcrc used with 
screens between layers. The inside of the 
sample cell w:is 5.8 em. diam. by 0.5 cm. in 
height, the samples being held a t  the 
dcsircd vertical level by the screens. 

I n  Figure 4 arc shomii typic:tl pressurizing 
curvcs. For convenience, these curvcs were 
norm:tlly plotted on arithmetic paper and 
succossive tangents t.aken. Thus valucs of 
d(AV) /Vo  d p ,  the slopes of the prcssurizing 
curve, were o1)tained for various valueu of 
p ,  pt:rmitting c:ilculation of the distribution 
function D(r) from Equation (11). The 
values of contact angle e, nccdcd for appli- 
cation of Equations (10) and (II) ,  were 
obtained dircctly from photogr:iphu of a 
mercury droplet resting on an inclined 
samplc of each filter medium. The mercury 
droplct w:is 1.8 to 2.0 mm. in diameter in 
each case and was photogr:iphcd resting 
on a clean piece of lilter medium inclined 
a t  a 10" angle. The advancing cont:ict 
angle was measured dircctly on these photo- 
graphs, several of which a r c  shown in 
Figiiro 5. The v:ilues obtained ranged from 
136 to 152". Values of 140" for cotton, wool, 
and stainlcss steel, 145' for nylon, and 150" 
for Orlori acrylic fiber were riscd in the 
calcu1:itions. The surface tension of mercury 
was taken as the I.C.T. value i i i  a vacuum, 
the value at 25'C. bcing 175 dynes/cm. 

The porosity or void fr:ict.ion of all 
samplvs IWS determined iiidepc:~itl(:ii tly with 
the gravimetric method, by iise of the 
established density for the base fiber 
material. Thc air and liquid permeabilities 
of 2-in.-diam. samples were determined over 
a rangc of pressure drops representative of 
viscous-flow conditions, and thc respective 
resist:incc coefficients were c:ilculated by 
means of Equation (6). The effective specific 
surface of the medium and its average pore 
radius mere calculated from this liquid 
resistance coefficient :ind the measured 
porosity, Equations (4) anti (5) being 
employed. liquid-sntur:rted samples of >in. 
diam. were also subjected to tlic bubble- 
pressure test, and the results of five measure- 
ments of bubble pressure wcre :iveraged for 
use with Equ:ition (8) in the c:ilciil:ition of 
maximum pore size. 

Y 
0 
c3 

5 

n w 
G 2 
5 rn 

d 
c, 
Ln 

In 
In- . .  
ccz 

03 

2 0 

P- r( 

? 
b- 
3 

9 
2 

00 
In m 

d: 
00 m 

N 

In 

2 s  

3 E  
x x  
03 

00 
03 

X 
In 
-Y 

I 0  
03 

X 
r- 
m 

% 

8 
X 

03 
9 

X 
0 0 

z 
0 0 

5 
DISCUSSION OF RESULTS 

The ten types of filter mcdi:t exmined  
are listed in Table I together with various 
data on their physical properties, liquid 
resistance, air permeability, average pore 
size, and size of mnximum pow. Table 1 
also sliows that with these samples 90 
to  100% of the independently measured 
pore volume was filled with most media 
during the measured portion of the dila- 
tometer run, although excessive surface 
roughness decreased this figure with two 
of the media. The pressurizing curves, as 
typified by those of Figure 4, show that 
in all cases the filling of the pores had 
practically ceased by the time 350 lb./sq. 

E c  

E b  

a =  2 2  
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Fig. 6, Cumulative pore-size distribution curves: 0 No. 8 staple cotton duck; 0 SN-23 
staple nylon duck; A FE-420 filament Orlon satin; V SN-7 filament nylon duck; 

V TF-5044 filament nylon twill. 
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Fig. 7. Cumulative pore-size distribution curves: 0 Albany No. 220 wool felt, 0 Stehli 
TF-5071-U Orlon taffeta; + Stehli TF-5071-F finished Orlon taffeta; A Grade D porous 

stainless steel; TW-175 staple cotton twill. 
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Fig. 8. Pore-size distribution: D(r) ,  fc. 
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Fig. 9. Pore size distribution: D(r),  cc. 
capillary volume/(cc. fiber) (micron size 

interval). 

in. abs. pressure was reached, an indica- 
tion of the existence of negligible pore 
volume not yet filled at  this final pressure. 
Thus the major portion of the unfilled 
pore volume probably represents large 
surface pores of the medium which are 
filled by mercury a t  less than 0.6 lb./sq. 
in. abs. pressure. These large surface 
pores characterize the surface roughness 
of the medium. 

Figures 6 and 7 show cumulative pore- 
radius-distribution curves, plotted ac- 
cording to particle size, for the ten media. 
These curves are based on the premise 
that essentially all pore volume is filled 
a t  350 lb./sq. in. abs. pressure; thus pore 
volume not filled during the measured 
portion of the dilatometer run is assumed 
to be filled below 0.6 lb./sq. in. abs., 
which was the starting pressure. Curves 

of the pore-size-distribution function 
D(r)  are presented in Figures 8,9, and 10. 
These curves were calculated directly 
from Equations (10) and (1 1) , no assump- 
tions concerning unfilled pore volume 
being involved. 

Woven-fabric Media 

In the woven-fabric media the meas- 
ured pore volume was distributed be- 
tween interyarn or interthread pores and 
interfiber pores within the yarn structure. 
The cumulative size-distribution curves 
of Figures 6 and 7 show that with all 
woven media 30 to 50% of the pore 
volume was measured a t  a radius of 
less than lop and probably represents 
mainly that portion of the pore volume 
existing as interfiber voids. This is con- 
firmed by the curves of D(r) vs. r of 

169200 - - 
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Fig. 10. Pore-size distribution: D(r),  cc. 
capillary volume/(cc. fiber) (micron size 

interval). 
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Figures 8 to 10, which for these same 
woven media show a sharp maximum at 
pore radius less than lop in each case, 
and a second less well defined maximum 
in the pore-radius range of 25 to 125p. 
The sharp maximum below 10-p radius 
appears to represent the “modal” inter- 
fiber pore radius; whereas the less distinct 
maximum above 25p may represent the 
modal interyarn-pore radius. Actually 
the region over which the interyarn pores 
are filled is quite broad, extending from 
the radius of maximum pore, as measured 
by the bubble-pressure method, to a size 
approaching that of the largest interfiber 
pore. The sharpness of this secondary 
maximum appears to be much greater 
with a satin weave (FE-420 medium of 
Orlon acrylic fiber) than with the plain 
or taffeta weave. This may result from 
the fact that a satin weave embodies a 
greater tortuosity of interyarn pores 
than does a plain or taffeta weave. I n  
some cases (Table I) the modal value of 
the interyarn-pore radius was greater than 
the radius of maximum pore measured by 
the bubble-pressure method; the reason 
for this is not clear but probably involves 
complications of interyarn-pore shape 
which invalidate direct comparison of 
results. 

In  general the average pore radius 
calculated from independent permeability 
measurements (Table 1) falls between the 
modal value of interfiber pore radius and 
the modal value of interyarn pore radius. 
This would be expected if flow through 
the medium occurs by passage in parallel 
through both interyarn and interfiber 
pores. This is true even with the staple 
cotton media provided the average pore 
radius is calculated from permeability 
measurements with a liquid which does 
not swell the cotton fibers. 

Although the Stehli 5071-U (Edco 
HT-16UF) and 5071-F (Edco HT-16-F) 
styles are constructed with unusually 
high-twist yarns (approximately 15 turns/ 
in. on 600-denier yarn containing 400 
filaments of 1.5 denier), Figure 7 shows 
that 40% of pore volume of the former 
style and 70% of pore volume of the 
latter measures smaller than lop and 
probably occurs as interfiber pores. This 
finding is in contrast to the views of 
Smith (429, who has stated that the yarns 
of such ,high-twist media are essentially 
impervious to flow and approach a mono- 
filament in filtering action. Smith based 
his views on semiquantitative observa- 
tion of comparative flow through media 
woven from ordinary yarns and from 
yarns which were intentionally loaded 
before weaving in an effort to saturate 
interfiber pores. It is likely that the yarn-’ 
loading process used by Smith may have 
been ineffective with the higher twist 
yarns, leading to the false conclusion 
that the absence of a decrease in per- 
meability on loading meant that the 
original yarns were necessarily imper- 
vious. The effect on pore-size distribution 
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of finishing by calendering and heat-treat- 
ment is shown by comparing the curves 
of Figures 7 and 10 for 5071-U and 5071-F, 
the latter being the same as the former ex- 
cept for finishing. Figure 7 shows little 
change in the shape of the size-distribu- 
tion curve, but rather a shift of the 
entire curve. Figure 10 shows that much 
of the pore volume originally present as 
surface roughness and interyarn pores 
has been eliminated and that size of both 
interyarn and interfiber pores has been 
reduced. This is in general agreement with 
the findings by independent measure- 
ments of average and maximum pore 
radius in Table 1. In  general these findings 
on high-twist media, in both the un- 
finished and finished conditions, indicate 
that the effectiveness of high-twist yarns 
in improving the performance of filter 
media does not result from elimination 
of flow through yarn structure by the 
forming of impervious yarns as reported 
by Smith (42). Rather it appears that the 
effectiveness of high-twist yarns depends 
only on reduction in size of the interfiber 
pores. 

Thus, the size of interfiber pores is 
reduced below the size allowing particle 
penetration and plugging with a particu- 
lar system, but yarns remain permeable 
and a large part of filtration continues to 
occur through the interfiber pores. In  
contrast, the effect of finishing appears 
to result from reduction in size of both 
interfiber and interyarn pores, with the 
predominant effect that of eliminating a 
large part of the interyarn pore volume. 
I n  fact these data indicate that when 
both high twist and finishing are com- 
bined, an abnormally high percentage of 
pore volume exists as interfiber voids 
and an even greater proportion of 
filtration action may occur through the 
yarn structure than occurs with low- 
twist media which are unfinished. This 
finding suggests that progressive plugging 
of a filter medium in cake-filtration ser- 
vice can be prevented only when a 
medium is selected with an interfiber pore 
radius sufficiently small to prevent pene- 
tration of the yarn structure by the 
smallest particles or particle agglom- 
erates existing in the feed suspension. The 
value of a combination of high-twist 
yarns and the finishing method, which is 
employed by Stehli & Co. and by Edco 
as a means of reducing filter media plug- 
ging, therefore appears to accrue from 
(1) a reduction in interfiber pore size 
caused both by high-twist yarns and by 
finishing, and (2) a marked reduction in 
interyarn pore volume and size caused 
by the finishing operation alone. 

Felt Media 

Because of the more random orienta- 
tion of fibers in felt media, a much higher 
porosity results and a much broader 
range of pore-size distribution might be 
expected. The single felt examined 
(Albany 220 of Table 1) is a woven-base 

felt. Such felts are made by weaving a 
loose base structure which is roughed 
and worked to form a felt surface on 
both sides of the base structure. The 
medium exhibited a much larger average 
pore size than the woven media, 90% of 
the pore volume being measured as 
above 10-p radius (Figure 7). With this 
material the large peak at 10 to 20p on 
the D(r)  curve of Figure 8 represents the 
modal size of interfiber pores in the bulk 
of the felted structure and the very 
slight inflection a t  2- to 3-p  radius is 
indicative of modal size of interfiber pores 
in the woven-base structure. Average pore 
size calculated from permeability data 
agreed closely with the modal size of the 
interfiber pores in the bulk of the felted 
structure (Table 1) when a liquid was 
used which did not swell the fibers. The 
D(r)  curve of Figure 8 indicates that for 
felt media the interfiber pores in the bulk 
of the felt structure cover a greater range 
of size within a given medium than do 
interfiber pores of a woven-fabric type 
of medium. 

Sintered-metal Media 

Under this class a sample of grade D 
porous stainless steel (Table 1) was 
examined. Results showed the pore-size 
distribution of this type of medium to be 
much narrower than that of either woven 
fabrics or felt. Thus with the sample 
examined, 90% of the pore volume was 
measured as falling between 20 and 50p 
of pore radius (Figure 7). The sharpness 
of the frequency distribution as compared 
with a fabric and a felt are shown by the 
D(r) curves of Figure 8. The average pore 
radius of 3 6 . 5 ~  (Table 1) calculated from 
water-permeability data by means of 
Equations (4) and (6) appears in excellent 
agreement with the experimentally deter- 
mined size distribution. This indicates 
that the porous stainless steel medium 
approximates a random-packed bed and 
that the assumptions of the Kozeny- 
Carman equation must be reasonably 
valid as applied to this particular ma- 
terial. 

SUMMARY 

It has been shown that the mercury- 
intrusion method can be successfully applied 
to  determine the pore-size distribution of 
filter media. Following are the results of 
such measurements on typical filter media. 

1. Pore-size distributions so obtained are 
compatible with pore-size information ob- 
tained by the permeability and bubble- 
pressure methods, but the pore-size distri- 
butions resulting from mercury-intrusion 
measurements are much more informative 
in regard to  pore structure. 

2. With woven filter media the pore 
volume is distributed between interyarn 
and interfiber pores, with 30 to 50% of the 
pore volume existing as interfiber pores even 
with media constructed of high-twist yarns. 

3. The finishing of woven filter media by 
calendering and heat setting reduces the 
size of both interyarn and interfiber pores 
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while reducing the proportion of pore 
volume existing as interyarn pores. 

4. With felt media the pore volume exists 
as interfiber pores which are distributed in 
size over a much wider range than are the 
interfiber pores of woven media. 

5. With consolidated porous media the 
size distribution of pore volume is very 
narrow compared with that with woven or 
felt media. 

Further application of the mercury-intru- 
sion method to the study of the internal 
structure of filter media can be expected to 
define, with textile media, the effect of 
yarn packing, filament and yarn denier, 
staple length, yarn crimp and ply, and 
various finishing treatments. Similar appli- 
cation to consolidated porous media can 
be expected to define the effect of particle- 
size distribution, particle shape, consolidat- 
ing pressure, and sintering conditions. 
However, the accumulation of such inform- 
ation on both types of filter media will lead 
to a more systematic design of filter media 
only if filtration studies can successfully 
correlate pore structure with particle size 
removed and rate of plugging of the medium. 

NOTATION 

A = superficial filtration area at 
surface of filter medium or 
cake deposited thereon, sq. cm. 

b = efnpirical constant in Rein- 
ard’s equation, dimensionless 

C1 = inertial coefficient in empirical 
equation, g.sec.2/cm.8 

Cz = viscous coefficient in empirical 
equation, g.sec./cm.s 

D(r)  = frequency-distribution func- 
tion of pore volume in terms 
of pore size through which it is 
accessible to a penetrating 
fluid, (cc. pore volume)/(cc. 
solid) (p size interval) 

= conversion factor in Newton’s 
law of motion, 980 (g.)(cm.)/ 
(g.force) (set.)* 

QC 

h 
K = constant of Kozeny-Carman 

relationship (5 f lo%), di- 
mensionless 

= effective pore length, cm. 

L 
m 

= thickness of filter medium, f t .  
= average hydraulic pore radius, 

em. [= r,/2 for circular pore; 
= €/(I - e)Xo for packed bed] 

= molecular weight of liquid ad- 
sorbate used in capillary ad- 
sorption measurements, g./ 
mole. 

N = number of pores per unit area, 
l/sq. cm. 

P = absolute pressure at filter 
medium, lb./sq. in. 

Po = saturation vapor pressure in 
bulk of a liquid absorbate, 
mm. Hg 

= saturation vapor pressure of a 
liquid in capillary of radius r ,  
mm. Hg 

= pressure drop across unused 
medium when first bubble of 
gas is passed in bubble-pres- 
sure method, lb./sq. in. 

M 

Pl 

Apb 

APf 

Pf 

R 
Rm’ 

SO 

T 
V 

VO 

AV/V’o 
vo a, 

E 

P 

Pf 

Pf 
u 

e 

= bresslii’e drop across unused 
rnedlum with single fluid phase 
fl ,wing, lb./sq. in. 

= p essure drop across unused 
medium in liquid-permeability 
measurements, Ib./sq. in. 

= rate of fluid passage through 
unused filter medium, cc./sec. 

= pore radius in medium, p 
= average pore radius of filter 

medium calculated from liquid- 
permeability measurements, p 

= radius of maximum size of pore 
calculated from bubble-pres- 
sure measurements, p 

= modal value of interfiber pore 
radius as measured by mer- 
cury-intrusion method, p 

= gas constant, calories/g. mole 
= resistance of unused filter me- 

dium determined by liquid- 
permeability measurements in 
viscous range, ljft. 

= resistance of unused filter me- 
dium determined by air-per- 
meability measurements, l / f t .  

= specific surface of filter me- 
dium, sq. cm./cc. fiber 

= absolute temperature, “Kelvin 
= volume of liquid adsorbate/ 

unit solid absorbent, cc./g. 
= volume of fiber solids in test 

specimen (mercury-intrusion 
method), cc. 

= cumulative volume of mer- 
cury having entered pores of 
filter medium under test (mer- 
cury-intrusion method) a t  ab- 
solute pressure p ,  cc./cc. fiber 

= slope of pressurizing curve at 
pressure p (mercury-intrusion 
method), (cc. pore volume)/ 
(cc. fiber)(lb./sq. in.) 

= porosity of filter medium, void 
fraction, dimensionless 

= density of liquid absorbate, 
g./cc. 

= density of flowing fluid, g./cc. 
= surface tension, dynes./cm. 
= viscosity of solution or filtrate, 

= advancing contact angle, de- 
centipoises 

grees 
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