
11. Performance of Filter Media in Liquid Service 
The performance of nine typical filter media of previously determined pore structure 

has been determined by the filtration of very dilute suspensions containing spherical 
particles of known size distribution. The mechanisms of filtration prior to the formation 
of a macroscopic cake are considered, and the applicability of various filtration laws pro- 
posed by Hermans and Bred6e to describe these regions of filtration are examined. Regions 
of “standard-blocking” filtration are found to occur with each of the filter media examined. 
The clogging values for the various media over the region of standard blocking are shown 
to be related quantitatively to the modal value of interfiber pore radius of the media, as 
measured by the mercury-intrusion method. 

Part I of this paper examined the 
internal structure of typical filter media 
commonly used for liquid filtration and 
presented data on the pore size and pore- 
size distribution of these media. I n  
this second part the performance of these 
same filter media is determined quanti- 
tatively by a clarification technique, and 
the clogging values for the various media 
are correlated with the previously re- 
ported pore-size-distribution data. 

FUNCTION OF FILTER MEDIUM 

In Cake Filtration 

Ideally a filter medium allows unre- 
stricted passage of a fluid through its 
pore structure while retaining all sus- 
pended solid particles originally present 
in the fluid. The solid particles may be 
retained entirely at the surface of the 
filter medium if all particles are larger 
than the pores of the medium and the 
pore structure of the medium consists of 
simple, straight-through pores of nearly 
equal size. While this case may be 
approximated in a simple screening opera- 
tion on a Dlain mesh screen or by filtra- 
tion thro;gh colloidal membranes, the 
usual filtration CBSe is much more 
plex. Most chemical suspensions as filtration and recording apparatus. 

Fig. 1. Apparatus used to make filtration runs: top, pressure-filter cell; bottom, assembled 

filtered contain ultimate particles of 
subsieve and often submicron size, which 
may be well dispersed or partially or 
highly flocculated depending on the 
solids concentration in the suspension and 
the chemical nature of the suspending 
solution. In almost all practical cases a 
fairly wide range of effective particle size 
exists in the feed, either as a result of a 
wide ultimate particle-size distribution 
and/or a condition of partial flocculation 
of the ultimate particles. Thus, in the 
usual case the pore structure of the filter 
medium must remove particles of over a 
hundredfold size range without unduly 
restricting fluid flow. 

The problem is further complicated by 
the limitations placed on the pore struc- 
ture of the medium by the method of 
construction. Woven fabrics used for 
cake filtration have relatively large inter- 
yarn pores in parallel with much smaller 
interfiber pores. Both types of pores tend 
to present a passage of greater tortuosity 
than a straight-through pore and both 
vary in size throughout their length. In  
packed beds of fibers (woven or pressed 
felts, fibrous filter aids, etc.) and in 
packed beds of rigid particles (sintered- 
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Fig. 2. Particle-size distribution of spherical 
particles filtered. 

Fig. 3A. Initial portion of filtration run with 
i.1 175-TW cotton twill. 
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Fig. 3B. Over-all filtration run with 175-TW 
cotton twill. 

metal or ceramic media, particulate filter 
aids, etc.) the tortuosity of pore structure 
is even greater, but a random distribution 
of pore volume exists throughout the 
medium although interconnecting pores 
probably contract and expand continu- 
ally along any path through the medium. 

When filtering suspensions contain 
more than 1% by volume solids (cake 
$filtration), the pores block with cake in 
the first few seconds or fraction of a 
second and a continuous cake covers the 
surface of the filter medium. This cake 
immediately becomes the active filter 
surface, and particle passage through, or 
penetration of, the filter medium, which 
causes plugging of the medium, occurs for 
only a very short period a t  the start of 
each successive filtration cycle. Although 
of short duration, this repetitive plugging 

Filtration Time. I. * 

Fig. I 4. Filtration performance curves FE-420 Orlon satin. Above: 0 t / V ,  vs. t ,  0 particle 
count vs. t ;  below: 0 t / V ,  vs. t, 0 f / V ,  vs. V,, particle count vs.V,. 

period eventually results in blinding of the 
filter medium, thus limiting its useful life. 
Very little is known concerning the me- 
chanisms of this short plugging period or 
the initial stages of cake formation at the 
surface of the filter medium. 

Many workers have demonstrated that 
the effective resistance of the filter 
medium during cake filtration is consider- 
ably greater than the resistance of the 
medium alone either before a filtration 
or after cake discharge a t  the end of a 
cycle; this work is well summarized by 
Ruth (17) and Carman ( 1 ) .  The effective 
filtration resistance is determined by 
extrapolation to V / A  = 0 of the usual 
At/A(V/A) vs. B/A plot of constant- 
pressure data for cake filtration (17) .  
Actually such a plot is no longer a straight 
line near V I A  = 0, and mechanisms other 

than increasing resistance due to cake 
formation alone become controlling. Pre- 
viously reported work (6) has shown that 
the effective resistance of a given medium 
in cake-filtration service depends on both 
the system and the filtration pressure but 
is generally equal to the resistance of a 
0.01- to 0.06-in. thickness of cake under 
the same conditions. Many workers, 
including Ruth (17'), Heertjes and Haas 
(7),  and Hixson, Work, and Ode11 (lo), 
have postulated the mechanism of par- 
ticle bridging at the start of cake filtra- 
tion. Although Hixson et  al. were able 
experimentally to demonstrate bridging 
by means of glass capillaries and highly 
concentrated quartz suspension, there is 
no conclusive evidence that bridging is a 
major factor in most industrial filtrations 
involving cake formation. General expe- 
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Told Filtration Time. I, IF(. 

Total hltrotion Time. I: 5% 

Fig. 5. Filtration performance curves SN-23 spun nylon. Above: 0 t / V ,  vs. I, particle count VS. t ;  below: 0 t / V ,  vS. v,, 0 t / V ,  
vs. t ,  0 particle count vs. V,. 

rience has shown that both initial filtra- 
tion pressure and solids concentration 
have great influence on the effective re- 
sistance of the filter medium. Smith (19) 
has stated that for a given system and 
filter medium a critical pressure drop ex- 
ists for each solids concentration and that 
if this is exceeded bridging fails to occur 
and severe plugging of the filter medium 
results. Although it is recognized that 
excessive filtration pressure drop can 
cause serious plugging of the medium a t  
the start of filtration with certain highly 
compressible cakes, there is no direct ex- 
perimental evidence that a critical pres- 
sure drop exists. The postulated failure 
of bridging may be correct; however, the 
plugging may just as likely be due to 
breakdown of floc structure (compressible 
cakes result from filtering of highly floc- 
culated suspensions) at the surface of the 
filter medium under the intense shear at 

the pore openings; such breakdown of floc 
would result in increasing penetration 
and plugging of the filter medium by a 
smaller effective size of particle as the 
initial pressure drop is increased. 

The lack of knowledge concerning the 
mechanisms occurring during the initial 
period of cake filtration results largely 
from the extremely short duration of this 
critical period. An important practical 
consequence is the difficulty of determin- 
ing, on a laboratory scale, the relative- 
performance characteristics of several 
media for a particular cake filtration. The 
running of a protracted series of cake- 
filtration cycles has been recommended, 
but a t  best this method is laborious and 
yields data which have meaning only 
with the exact conditions and system 
employed. As the solids concentration in 
the feed suspension is decreased below 
100 p.p.m. (0.01%) by volume, the dura- 
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tion of the initial period of filtration 
before formation of a cake is extended to 
such an extent that study of the mecha- 
nisms involved becomes practical. It seems 
very probable that essentially the same 
mechanisms may occur at higher solids 
concentrations with only the relative time 
duration of the mechanisms varying; this 
assumes that the effective particle size of 
the system is not changed by flocculation. 
An attempt to apply this approach was 
made by Heertjes and Haas (7) ; however, 
most of their work dealt with particles 
which were so large that they did not 
tend to penetrate and plug the filter 
media used. 

In Solution Clarification 

The filtration of dilute suspensions 
containing less than 100 p.p.m. by volume 
of solids is in its own right of great 
practical importance. For economical 
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Fig. 6. Filtration performance curves TF-5044 filament nylon twill. Above: 0 t / V ,  vs. I, 0 particle count vs. t ;  below: 0 f / V ,  vs. 
V,, 0 t / V ,  vs. t ,  particle count vs. V,. 

reasons such filtrations normally include 
only that portion of the filtration cycle 
preceding cake formation. Operation into 
the region of cake filtration is usually 
impractical because of the very high 
resistance of the cake deposited. This 
results from the much better particle 
dispersion existing in such dilute sus- 
pensions and also, in several important 
cases, from the fact that the particles 
being removed are true gels having a 
very deformable structure. Thus in 
solution-clarification operations the pur- 
pose of the filter medium is to allow 
penetration but to trap individual par- 
ticles within the structure of the medium 
with the least increase in medium resist- 
ance to flow per volume of particles 
trapped. Unlike the practice with cake 
filtration, stopping of particles a t  the 
surface of the medium is not desirable, 

and the objective is a long life during a 
single filtration cycle rather than a long 
life in terms of many cycles, as in cake 
filtration. Despite this basic difference 
in the over-all objective, the ultimate 
service life, as limited by plugging and 
increased resistance, depends in both 
cases on that portion of the filtration 
cycle preceding cake formation. It there- 
fore appears that performance evaluation 
of filter media employing dilute suspen- 
sions may serve to characterize the per- 
formance of a filter medium in both 
cake-filtration and solution-clarification 
services. 

MECHANISMS OF PARTICLE REMOVAL 
IN CLARIFICATION 

I n  addition to (a) the direct-sieving 
action at constrictions in the pore struc- 

ture, other possible mechanisms of 
particle collection within the filter me- 
dium are ( 6 )  gravity settling, (c )  Brown- 
ian diffusion, (d) interception at the 
solid-liquid interfaces, (e) impingement, 
and (f) electrokinetic forces. Expressions 
for estimating the relative magnitudes' 
of (b) to (e)  under various conditions 
have been reported by Langmuir ( I S ) ,  
Thomas (do), and Davies (3)  and applied 
in gas filtration. Calculations employing 
these expressions and based on a range 
of filtration conditions for removal of 
0.5- to 20-p particles from liquids suggest 
that (b ) ,  ( c ) ,  and (e) are negligible com- 
pared with (d),  the direct interception of 
particles from liquid streamlines in con- 
tact with pore walls. In  general, the rela- 
tive importance of (d) with respect to 
(b), (c ) ,  and ( e )  increases as the liquid 
viscosity increases. The relative impor- 
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Fig. 7. Filtration performance curves AF-220 woven wool felt: f/Vw vs. V,, 0 f / V w  vs. t ,  0 <3 p particle count vs. vw, 3 to 5 fi 
particle count vs. V,. 

tance of this direct-interception mecha- 
nism to direct sieving action at constric- 
tions in the pore structure and to electro- 
kinetic forces cannot be estimated at this 
time. Also, the effectiveness of particle 
retention after collection has been accom- 
plished is a factor which is little under- 
stood. Data for gas filtration (20) show 
that retention decreases as gas velocity 
(and also pressure drop) increases. 
Whether increased viscosity (with veloc- 
ity constant and pressure drop increasing) 
will decrease retention has not been 
established for either gases or liquids. 

The basic differences between the con- 
trolling mechanisms of particle collection 
in the clarification of gases and the 
clarification of liquids result either 
directly or indirectly from the much 
greater liquid viscosity. The direct effect 
of a higher filtrate viscosity on the 
relative importance of the several collec- 
tion mechanisms has already been noted. 
Indirectly a higher filtrate viscosity 
results in the use of media of much lower 
porosity (0.30 to 0.70 void fraction for 
liquid clarification as compared with 
0.90 to 0.99 void fraction for gas clarifica- 
tion). This comes about because media 
of higher porosity, such as packed beds 
of fibers, become so compressed by the 
resulting pressure drop when filtering 
liquids a t  practical rates that they are no 
longer high-porosity media under actual 
filtration conditions with liquids. Rode- 
bush (16) has reported that for gases a 
decrease in medium porosity results in a n  
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increase in the collection coefficient, but 
that such an increase is accompanied by 
a correspondingly larger increase in flow 
resistance. On this basis the low porosities 
of media used for liquid filtration appear 
undesirable, but necessary until a com- 
pletely rigid medium of very high poros- 
ity can be devised. On a theoretical basis 
an increase in collection efficiency with 
decreasing porosity cannot be accounted 
for on the basis of collection mechanisms 
(b) to (e )  above, as the basic number of 
targets is not changed by compression of 
the medium. However, as compression 
occurs and porosity decreases, the filter 
appears less and less like a field of targets 
and more and more like a barrier with 
interconnecting pores or passages. As 
this occurs, collection by direct sieving 
at pore constrictions becomes increasingly 
important and probably accounts in part 
for the reported increase in collection 
coefficient with decreasing porosity. I n  
any case most liquid clarifications are 
carried out with media having low enough 
porosities so that they can best be thought 
of as barriers with an interconnecting pore 
structure, rather than as an open field of 
targets as is the case in most gas clarifica- 
tions. 

LAWS AND MECHANISMS OF PORE PLUGGING 
DURING FILTRATION OF DILUTE SUSPENSIONS 

Hermans and Bredhe (8), and more 
recently Gonsalves (4),  have analyzed 

the entire filtration cycle and proposed a 
series of laws to correlate the filtration- 
rate data for various parts of it. The 
mathematical expressions for these laws 
are summarized in various forms in 
Table 1. These filtration laws were de- 
rived by Hermans and Bred6e on the 
assumption of separate physical mecha- 
nisms of pore plugging for complete 
blocking. standard blocking, intermediate 
blocking. and cake modes of filtration. 
However, Gonsalves (4) has shown that 
these same laws can also be derived on 
the assumption of quite different physical 
mechanisms for the blocking of pores 
within the medium; thus even though the 
mathematical expressions for these laws 
fit the experimental data for certain parts 
of the filtration cycle, there is no real 
evidence as to what the actual physical 
mechanism of pore blocking may be. 
The work of Hermans and Bredhe and 
of Gonsalves has shown, however, that all 
the derived relationships stem from a 
common differential equation which can 
be adapted to any portion of the filtration 
cycle by adjusting the values of two 
constants. Thus, for constant-pressure 
filtration, 

and for constant-rate filtration 
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Fig. 8. Filtration performance curves TF-5071 Orlon taffeta, not calendered. Above: 0 
f / V ,  vs. f, 0 particle count vs. f ; below: 0 t / V ,  YS. V,, 0 t / V ,  YS. t ,  0 particle 

count vs. Vw. 

where the value of n defines the mode of 
filtration occurring, and the value of k 
for a particular mode of filtration depends 
on the system, the filter medium, and the 
conditions of .filtration. In  simple terms, 
Equations (1) and (2) state that the rate 
of change of filter resistance is propor- 
tional to the instantaneous filtration 
resistance raised to a power which is 
dependent on the mode of filtration. The 
mode of cake filtration is well established, 
and for this case n = 0. Integration of 
Equation (I) a t  constant pressure drop 
for n = 0 gives 

where 

(5) 1 PI% - = (4.74 x __- 
Qo A gc APO 

The mode of standard blocking, although 
not so well established experimentally as 
cake filtration, has been found to fit the 
data for a significant portion of the filtra- 
tion cycle with many dilute suspensions. 
Hermans and Bredbe (8) cited examples 
of this mode of filtration as occurring in 
the filtration of polymer solutions, dis- 
persed pigments, and cellulose solutions 
such as viscose and cellulose acetate. For 
this mode of filtration, n = 3/2 and inte- 
gration of Equation (I) a t  constant 
pressure gives 

The physical assumption made in the 
derivation of this relationship is that of 

particle retention at the walls of the pores 
and gradual build-up on pore walls with 
eventual plugging of the pores. Such a 
physical concept represents a constantly 
decreasing pore size in the filter medium 
and is in agreement with Kane’s (11) 
more recent analysis of performance data 
on one commercial type of filter cartridge 
for clarifying liquids. The form of the 
standard-blocking relationship shown in 
Equation (6) has been widely used to  
correlate data for the filtration of viscose 
and cellulose acetate through various 
types of filter media which function by 
filtration in depth. As applied to the 
evaluation of viscose filterability in 
Europe, the German Standard Method 
assumes that Equation (6) applies from 
near the start of filtration for this par- 
ticular case and K ,  is solved for directly 
without plotting of t/V vs. t ,  by use of 
filtrate volumes collected after 20- and 
60-min. filtration. Several European 
workers (9, 14, 15, and 21) have recently 
recognized that Equation (6) does not 
apply for an initial period of filtration 
even with viscose and have recommended 
more care in the industrial use of Equa- 
tion (6). Applying improved techniques, 
these same workers have investigated the 
effect of both viscose preparation and the 
filter medium used on the region over 
which Equation (6) applies. These 
workers suggested many reasons for the 
failure of Equation (6) a t  the start, of the 
first stage of viscose filtration or when 
viscose is refiltered a t  later stages, but 
none have been satisfactorily verified. 
I n  plant practice such clarifications are 
often carried out at constant rate rather 
than constant pressure. 

The constant-rate form of the standard- 
blocking law, as is needed to correlate 
such constant-rate filtration data, can 
be written in the form 

- l -<2)  - (K8)  v (7) 

Equation (7) has been observed to fail 
near the start of filtration, as has Equa- 
tion (6). 

The complete-blocking (n = 2) and 
intermediate-blocking (n = 1) modes of 
filtration as proposed by Hermans and 
Bredbe have been found to have much 
more limited application. I n  general the 
regions of the filtration cycle to which 
these modes of filtration apply are ill- 
defined and of short duration, although a 
few systems involving only particles of 
size larger than the pores of the medium 
appear to follow the complete-blocking 
mode of filtration. The mathematical 
expressions for these modes, as derived 
by Hermans and Bred6e for constant- 
pressure and constant-rate filtrations, 
are given in Table 1. 

Recently both Gonsalves (4) and 
Vosters (26) have reanalyzed the work 
of Hermans and BredBe, raising the 
question as to whether several distinct 
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modes of filtration exist (as characterized 
by fixed values of n) before cake forma- 
tion. Gonsalves has further questioned 
the physical mechanisms assumed in 
Hermans and BredBe's derivations, and 
has suggested trial-and-error solution of 
Equation (1) for simultaneous deter- 
minations of both k and n values which 
best fit a particular set of data for filtra- 
tion before cake formation. This is a 
laborious process and the results are not 
particularly informative on a comparative 
basis because both k and n are generally 
different for filtrations under different 
conditions. Essentially what Gonsalves 
(4) has attempted is to find a single 
solution of Equation (1) over the entire 
filtration cycle preceding cake formation. 
On the other hand, Vosters (22), in an 
attempt to improve the reproducibility 
of the plugging-constant method of 
evaluating viscose, has resorted to calcu- 
lation of a statistical straight line through 
the t/V vs. t values over a 50-min. period 
of constant-pressure filtration. For plant- 
control work, Vosters then uses the 
plugging constant as the tangent of the 
regression line, t/V on t .  This approach 
ignores the real shape of the curve and 
is unsuited to interpretation of the real 
meaning of changes in the t/V vs. t curve. 
Although the filtration data of both 
Gonsalves and Vosters, like those of 
many other workers, do not follow the 
standard-blocking mode (n = 3/2) at 
the start of filtration, they, like those of 
most others, do so over a significant part 
of the remaining filtration cycle before 
cake formation. Thus, although Gonsalves' 
and Vosters' criticisms of indiscriminate 
application of the standard blocking 
mode (n = 3/2) as a means of analyzing 
filtration data from the very start of 
filtration are justified, complete discard 
of the idea that a definite standard- 
blocking mode (n = 3/2) exists does not 
yet appear justified. 

The physical assumptions and deriva- 
tion of the equations for the standard- 
blocking mode are presented in the Ap- 
pendix. Derivation of the relationships has 
been carried a step beyond that of Her- 
mans and Bredbe (8). This has been done 
in an effort to express the relationships 
entirely in terms of the filter-medium 
properties. This has resulted, for constant- 
pressure filtration, in thc form 

and, for constant-rate filtration, in the 
form 

Thus, in either case a solution for the 
clogging value rNhro2 should be possible 
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Fig. 9. Filtration performance curves TF-5071-F Orlon taffeta, calendered. Above: 0 
f / V ,  vs. f ;  below: 0 f / V ,  vs. V,, 0 t / V ,  vs. f, particle count vs. V,. 

from filtration data provided that the 
standard-blocking mode applies to a 
portion of the filtration cycle, resulting 
in a straight-line region for a t/V vs. t 
or a (Ap0/Ap)o.5 vs. V plot of the data. 
For such a straight-line region to exist, 
the degree of particle-size retention, or the 
value of c,  must remain substantially 
constant, and unless the retention is 
essentially complete (c = c,), the amount 
of bleed, c, - c,  must be known. This 
fact has been largely overlooked in the 
application of Equation (6) by most 
workers and may account for the gener- 
ally reported failure of Equation (6) at 
the start of filtration. Solution of Equa- 
tions (8) and (9) for comparative values 
of the clogging value ?rNhro2 with various 
filter media, under similar filtration con- 
ditions and with the same suspension, 

offers a means of quantitatively com- 
paring the plugging characteristics, of 
various media. If the values of rrNhr02 so 
determined could be related to indepen- 
dently measured dimensions of the pores 
in the media, then a quantitative link 
might also be established between the 
plugging characteristics of a medium and 
its internal pore structure. 

EXPERIMENTAL EQUIPMENT AND PROCEDURES 

Equipment 

The equipment shown in Figure 1 was 
used to obtain comparative filtration data 
for various filter media by use of a dilute 
suspension of known particle-size distribu- 
tion. The filtration cell (Figure l a )  was of 
11.35 sq. cm. filtration area. The filter 
medium was clamped over an 8-mesh 
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backing screen. The 20 p.p.m. by volume 
feed suspension was fed to the filtration 

om cell from the agitated blow case (Figure l b )  
a t  constant pressure drop. Filtrate weight, 

800 f 
pressure drop, and filtrate temperature were 
recorded continuously by the automatic - recording system. The all stainless steel < piping and equipment were thoroughly 
cleaned before use and maintained uncon- 
taminated by other than the feed suspension 
throughout the experimental program. 

SIXI i 
,w 1 Filtration Runs 

*_ 

2md 

a The suspension system used for the filtra- 
tion runs consisted of an 80% glycerol- 

2 20% water solution containing approxi- 
mately 0.18 g./liter (23 p.p.m. by volume) 
of spherical particles of carbonyl iron 
powder. The carbonyl iron powder used 
was a mixture of three commercial grades 
made by the Anatara Products Division of 
General Aniline & Film Corp. The particles 
were very nearly all of spherical shape, 
facilitating microscopic counting of size. 
The powder mixture was first dispersed in 
0.01M Na4P207 solution by 1-hr. agitation, 
following which C. P. white glycerol was 
added with agitation to make the final 
suspension. The particle-size-distribution 
function of the powder mixture is shown in 
Figure 2.  The weight-frequency distribution 
curve was calculated from the sedimentation 
analysis of individual grades present in the 
mixture. The number-frequency-distribu- 

ma' tion curve was determined directly by 

,D $00 2 (Figure 2). Similar number-frequency-distri- 
bution curves have recently been reported 5 

2 

Lea 

To(0l Flmllan T8mr.l M 

2 

E microscopic count of suspension samples 

- 

f 
lw ' Fig. 10. Filtration performance curves No. 8 

cotton duck. Above: 0 t / V ,  vs. t ,  0 par- 
ticle count vs. t ;  below: 0 t / V ,  vs. V,, 0 

t / V ,  vs. t ,  0 particle count vs. V,. 

TABLE 1. FILTRATION LAWS OF HERMANS AND B R E D ~ E  (8) 

1. For constant-pressure filtration 

Function Complete blocking Standard blocking Intermediate blocking Cake filtration 

p= d2 t lC($T n = 2  n = 3/2  n.= 1 n = O  

K. 1 K,V = In (1 + K,tqo) t /V = K V 4- - 1 
4 0  

t p  = - t + - 
2 q o  = f ( t >  

q = f(t> 

v = qo(1 - e - k b t )  

q = qoe 
-Kg t  

2 .  For constant-rate filtration 

n = 3/2 n = l  n = O  
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Told Filtmtbn Time, 1, M 

Fig. 11. Filtration performance curves WS SN-7 filament nylon duck. Above: 0 f / V ,  vs. t ,  
0 particle count vs. t ;  below: 0 f / V w  vs. f ,  0 f / V w  vs. V,, 0 particle count vs. V,. 

for individual grades of similar carbonyl 
iron powders by Kohl and Zentner (12).  

Constant-pressure-filtration runs were 
made with nine of the filter media previously 
examined by the mercury-intrusion method 
(Part I of this paper). Pieces cut from the 
same filter-medium sample were used for 
both mercury-intrusion and filtration meas- 
urements. The filtration runs were made a t  
room temperature by use of the feed sus- 
pension and equipment just described. A 
constant pressure drop in the range of 14 
to 15 lb./sq. in. was maintained during 
each run. At the start of filtration, air was 
bled out the top of the filtration cell before 
filtration started. Filtrate holdup volume 
between the filter medium and the strain- 
gauge scale was 6 ml.; this volume was filled 
with solution before filtration started so 
that filtrate collection and filtration started 
simultaneously. Grab samples of filtrate 
of 50-ml. volume were taken periodically 
throughout the run for filtrate analysis. 
These samples were noted on the recorder 
chart and taken into account in analyzing 
the filtrate-weight vs. time data. The 
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filtrate container on the strain-gauge scale 
was changed for every 500 to 1,000 g. of 
filtrate collected; these larger composite 
samples of filt.rate were also analyzed for 
solids content, as was a sample of the feed 
suspension at the start of filtration. Filtrate 
viscosity at the run temperature was 
determined in each case by use of the Hoep- 
pler falling-ball viscometer. Duration of the 
filtration runs was from 1,400 to 3,600 sec., 
depending on the filter medium employed. 
It was generally apparent that the t - V ,  
data had begun to follow the cake-filtration 
law before each filtration was stopped. 
However, in the case of Albany 220 felt 
this condition was not achieved before the 
blow case was emptied. At the end of each 
run the filter medium was removed and 
examined microscopically on both cake 
and filtrate sides. 

Filtrate Evaluation 

The samples of suspension feed, grab 
samples of filtrate, and composite samples 
of filtrate taken during each filtration run 
were examined microscopically and particle 

counts made for the < 3, 3-5, 5-10, 10-15 
and > 15p size ranges. A Howard mold 
counting cell was used and provided a 
sample depth of 0.10 mm. Counts were 
made a t  200 7 magnification by use of 
binocular eyepieces and a calibrated count- 
ing grating. Counts were made about 10 
min. after the sample was placed in the 
Howard mold counting cell; this provided 
time for iron particles to settle through the 
0.10 mm. depth of cell and facilitated count- 
ing since all particles were in essentially the 
same plane and were a t  rest. In general, 
several scans were made across various 
diameters of the circular-mold counting 
cell (18.5 mm. diam.). For most samples 
the total number of particles counted was 
in the range of 100 to 1,000, with 85 to 
100% of the particles being smaller than 
3p, for the various samples. The concentra- 
tion of the various feed suspensions (Table 
2) was determined gravimetrically by 
filtering on weighed Gooch crucibles with 
asbestos pads, the volumetric concentration 
being calculated from the particle density 
of 7.81 g./cc. 

DISCUSSION OF RESULTS 

Limitations Found in the Application of the 
Filtration Laws 

Data from the filtration runs on the 
nine filter media are first analyzed in 
terms of the t /V,  vs. t and t ,  V ,  vs. V ,  
curves of Figures 3 to  11. These curves 
are shown for the entire run  and are also 
plotted on an expanded scale for the 
portion of the cycle preceding cake-law 
filtration. The straight-line portions of 
these curves fully define the regions of 
both standard blocking and cake filtra- 
tion, in  accordance with Equations (3) 
and (6). Also plotted on these same 
Figures 3 to 11 for the various filter 
media are curves of particle count in the 
filtrate vs. V ,  or t. 

In general, the  data  for all media exhibit 
an initial region of filtration during which 
neither the standard-blocking nor cake- 
filtration modes apply. Over this initial 
region a large number of feed particles 
appear in the  filtrate, and this number 
decreases very rapidly as filtration pro- 
ceeds. Following this, a transition into 
a region of standard blocking appears 
t o  occur with all media except the 
Albany 220 felt. The  duration of this 
region of standard blocking varies de- 
pending on the character and tightness 
of the filter medium, being longest for 
loosely woven media of staple fibers such 
as 175-TW cotton twill (Figure 3) and 
shortest for tightly woven and calendered 
media of multifilament construction such 
as TF-5044 (Figure 6) or TF-5071-F 
(Figure 9). However, the standard- 
blocking period is also of short duration 
with a tightly woven medium of staple 
fibers, such as  No. 8 cotton duck (Figure 
10). With the other media of staple or 
multifilament construction the period 
of standard blocking was of intermediate 
duration. With the Albany 220 felt 
(Figure 7) the initial region of filtration 
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was followed by a brief region during 
which the cake-filtration law was appar- 
ently followed even though no cake 
existed on the surface of the felt. This 
in turn was followed by a prolonged 
period of standard-blocking behavior. 
This unusual behavior is similar to re- 
ported experiences in which the cake law 
may sometimes apply to the filtration of 
highly filtered solutions where no actual 
cake is formed and no apparent discolora- 
tion of the filter medium occurs. This 
unusual period of cake filtration was ac- 
companied by passage through the filter 
medium of nearly half the number of 
particles originally present in the feed. 
With the Albany 220 felt (Figure 7) the 
period of standard blocking, which 
followed this pseudo cake filtration, con- 
tinued until the end of the filtration run. 

With all other media the period of 
standard blocking mas followed by a 
transition region which yielded to a 
prolonged region of cake filtration; this 
continued until the end of the run. With 
very tight media such as the No. 8 cotton 
duck (Figure 10) and 5071-F calendered 
medium made from Orlon acrylic fiber, 
two regions of cake filtration occurred 
with an abrupt change in slope occurring 
a t  the transition from the first to the 
second. This transition resulted in a 
decrease in slope or a decrease in effective 
cake resistance. Only in the case of 
TF-5044 (Figure 6) was there any 
macroscopic evidence of cake formation 
at the end of the filtration run, although 
the surface of the filter medium was 
discolored in all cases. Figures 19 to 21 
show photomicrographs of the filtrate 
side and cake side of the various filter 
media as removed at the end of the runs. 
It is evident that a true cake covcring the 
entire surface of the filter medium was not 
formed in any case and that in most cases 
only a small part of the filter-medium 
surface is covered by a cake in even a 
microscopic sense. The successive regions 
of cake filtration with No. 8 cotton duck 
(Figure 10) and with TF-5071-F (Figure 
9) may well result from changes in effec- 
tive filtration area a t  the surface of the 
cake aa the cake progressively covers a 
greater percentage of the filter-medium 
surface. 

The data of Figures 3 to 11 on the 
media therefore show that the filtration 
cycle generally passes through a number 
of modes. In each case a portion of the 
cycle can be satisfactorily represented by 
the mode of standard blocking, while one 
or more regions appear to follow the 
mode of cake filtration even though a 
true cake does not exist in a macroscopic 
sense. Data for the region between the 
start of filtration and the region of stand- 
ard blocking and between the region of 
standard blocking and that of cake filtra- 
tion seem to represent transition zones. 
Attempts to apply the complek-blocking 
law (Table I )  to the initial region of 
filtration period failed in each case, 
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arithmetic plots of q, vs. 1', resulting 
in smooth curves. I t  was found, however, 
t.hat logarithmic plots of both 9* vs. b', 
and qu. vs. t did give a straight line for 
t.his initid region (Figure 12). Considera- 
tion of this showed that  as a result a 
simple logarithmic plot of vs. t would 
be a straight line. This was verified for 
each medium (Figure 13) over this initial 
region of filtration. The  resulting em- 
pirical relationship, V,,. = k ' t m ,  is not in 
agreement with any of t.he proposed 
filtration laws (Table I ) .  The value of 
m m:is very nearly 1.0 for four ,of the 
media and was new 0.i for the other 
five examined. l'osters (12) hns recently 
reported that  filtration data  for this 
initial region of filtration with viscose 
yield straight lines when plotted as  
log t 17s. log tit'" i d  h:i.s suggested a n  
empirical relationship of the form 
= (t"' ' ' )!k".  In general the data  over the 
initial regions of filtr:ttion also correl:tte 
well hy inems of tlie niethod of Vosters. 
Ho\vcver, the direct exponenti:il rela- 
tionship betsvecn t and V,'. appears 
to  fit thc tlat,a as ivell or hettcr and is 
of a simpler forni. 13ehnvior during 
this initial pcriod of filtration m:iy 
he governed by the rapid change in the 
degree of particsle retention occurring 
during this period. All the proposed 
filtration Ian-s (Table 1 )  assume that  the 
volume or n u n i h r  of particles removed 
per volume filtered rcmains constant. 
As this is far from true for this initial 
period of filtration even 1vit.h very tight 
media, it is not surprising thtit all rela- 
tionships of Tnl)le 1 fail for this period. 
Insufficient data were obtained over this 
period to dcscrihe adequately the rate of 
change of pwticle retention with volume 
filtered. Such data  if taken into account 
in the derivation of the sbandard-blocking 
law may well result in a form similar to 
the empirical expression obtained. At- 
tempts to apply the law of interme(1iat.q 
blocking to  t.he transition region between 
standard Mocking and cake filt.ration on 
the curves of Figures 3 to  I 1  were not 
successful. l h i s  region of filtration was 
of short duration in most cases and 
appears t o  bc a true transition zone not 
amenable to any single relationship. 

Comparative Performance of Voriour Media 

Plugging Clmracteristics. The compar- 
ative plugging rates of the various media 
can be judged best on the basis of the 
period of standard blocking. For this 
period the comparative slopes of the 
t /V ,  vs. t curves (or the plugging con- 
stant K a ) ,  as shown in Table 2, indicate 
directly the plugging rates expressed as 
the ratio of the packed volume of solids 
removed per gram of filtrate t o  the clog- 
ging value of pores within the filter 
medium. These values of K ,  are all for 
very nearly the same conditions of pres- 
sure drop, solution viscosity, and initial 
solids concentration, as indicated in 
Table 2. The plugging constant K ,  varied 

over a hundredfold range with the media 
examined, the value for A l h n y  220 felt 
being lowest. values for KO. 8 cotton 
duck and TF-5071 being highcst, and 
values for all others falling near tlie mid- 
point of these extremes. Although K. is 
widely recognized as indicating the rate 
of plugging during the standard-blocking 
pcricxl, the  present data  indicate that  
K ,  is also directly related to  the volume 
of suspension which can be filtered 
through a medium before the end of the 
standard-blocking period is reached. 
Thus in Figure 14 s logarithmic plot of 
VJ.4 at the end of standard-blocking 
period vs. 2/K, results in a good approxi- 
mation of a straight line. This indicates 
tha t  capacity of a medium to the end of 
the standard-blocking period, V w / A ,  is 
empirically related t o  K ,  by 

at least for the system and conditions 
involved. This is of considerable signifi- 
cance, as filter medin of widely different 
characteristics are involved. Thus i t  
appears that  K. not only characterizes 
the rate of plugging of a medium for the 
standard-blocking period, hut  also the 
filtrate capacity of the medium before 
plugging, irrespective of the construction 
of the medium or the amount of bleed 
that  occurs. 

The straight-line intercepts obtained 
by extrapolation of the standard-blocking 
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periods of Figures 3 to 11  to t = 0 also 
appear to hear a distinct relationship to 
the properties of the medium, despite the 
fwt th:r t t.hc stanrlarcl-l)lockirig pcriod is 
precdrtl by an initial pcriod of filtration 
which est:hlishcs the actual t = 0 inter- 
cept. Thus the logarithmic plot of the 
intercept v;ilue (as given in T:ilile 2) 1's. 
the liquid resistance of the medium R,' 
(as givcn in Table 1 of Part I of this 
paper) s h o w  that  a definite re1:ttionship 
exists (Figure 15). The indic:tteil exponent 
is, hoivc:ver, less than the value of 1.0 
which ivould be expected if no ccimplicat- 
ing factors were involved. 

Particle-rekntion Charoctetistics and Re- 
lationship to Pore Structure. All clarifi- 
cation runs wcrc characterized by a 
progressive decrease in the number of 
particles pnssing through tlie filter 
medium, as shown by the partictle-count 
curves of Figures 3 to  1 1  for the > 3-p 
particles. A similar decrease in number 
of particles passed occurred for the 3 to 5,  
5 to 10, 10 to  15 and > 1 5 p  sizc. rarigc*s.* 
In general, the percentage by numher of 
the < 3-p particles passing uncollected 
exceeded 5O'jL with all thc  m e c h  for the 
initial poriod of filtriitiori precctling the 
standartl-blocking region. Over this region 
the nuriiber of < 3-p particles in the 
filtrate dropped very rapidly, indicating 

*Them data may be obtained as document 4956 
from tlie American 1)ocumentation Institute, 
Photoduplii~~tion Service. Library of Congress, 
Wtdiington 2.5. D. C.. for $1.28 for photoprints or 
35-mm. mirrofilni. 

Page 326 September, 1956 



1 

Filtration rime. 1, sac. Filtration Time, 1, M. 

Fig. 13. (a) Initial portions of various clarification runs: 0 SN-23 staple nylon duck, 0 FE-420 filament Orlon satin, 0 175-TW cotton 
twill, TF-5044 filament nylon twill, A TF-5071-F filament Orlon taffeta, calendered, V No. 8 cotton duck; (b) initial portions of 

various clarification runs: 0 SN-7 filament nylon duck, 0 AF-220 woven wool felt, [7 TF-5071-U filament Orloa taffeta. 

tha t  during this initial region the large the interfiber pores. At the start of the lady  at the end of the region of standard 
but  relatively few interyarn or inter- region of standard blocking, the per- blocking the percentage by number 
thread pores became rapidly plugged to centage by number of < 3-p particles uncollected was from 10 t o  30%. Over 
a degree which reduced their effective passing uncollected ranged from 30 to the observed regions of cake-law filtra- 
size to the  sitme order of magnitude as  60% with the various media used. Simi- tion with these media the percentage by 

number of < 3-p particles uncollected 
was less than IOCjo. 

As already discussed, at  the solution 
viscosities and the filtration rates norm- 
ally found in  liquid filtrations, direct 
interception of particles from the stream- 
lines of fluid adjacent to  the pore walls is 
probably the major mechanism of collec- 
tion. With this assumption the percentage 
of particles passing uncollected through 
a circular pore of radius r can be calcu- 
lated on the basis that  the particles are 
randomly distributed in the flowing 
liquid stream and that  all within a 
distance of one particle radius of the wall 
will be collected. Since the < 3-p par- 
ticles as counted were all in the range of 
1 t o  3 p diam., a n  average radius of 1 p can 
be taken as represcntative of this fraction. 
If this particle radius, collection by the 
mechanisms of direct interception, and 
complete particle retention once collec- 
tion occurs are assumed, the percentage 
of particles by numlxr uncollected after 
passuge through pores of various sizes 
would be as shown in the accompanying 
table: 

Prrdictcd 9; < 3-p 
Pore radius, p partivlcs uncollec.ted 

l/Slopa I n  &&ion of Standard Blocklng,&, grams 

Fig. 14. Comparative capacity of various filter media to end of standard-blocking period: 
0 No. 8 cotton duck, TF-5071-F, 0 TF-5044, TF-5071-U, A SN-23, A FE-420, 

0 SN-7, + 175-TW, \7 No. 220 felt. 

6 . 0  
5 . 0  
4 . 0  
3 . 0 
2 . 0  
1 .5  

69.5 
6-4 
56 2 
4 1 . 5  
25 
1 1 . 1  
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Sirice the modal values of the interfiber- 
pore radius for all but  one of the media 
used were in the range of 2.2 to 5.3 p, the  
observed values of 30 to 6O'+h of < 3-p 
particles passing uncollected at the start 
of the region of standard blocking agree 
well with these predicted values. Tliis 
suggests that  the stitrid:~rd-l~locki~ig re- 
gion represents a rcgiori during which 
plugging of thc interfiber pores is con- 
trolling and that  tlie assumption of 
particle collection by direct interception 
is reasonably valid under tlicse conditions. 
The pass:ige uncollected during the. 
standard-blocking region of a fcw par- 
ticles of size c q u d  to  or greater th:iii twice 
the modal valuc of interfiber-pore radius 
may reflect the actual distribution of 
interfiber-pore size or niay result from 
the effective size of the pluggcd interyarn 
pores being greater t h m  tlie interfiber 
pores. 

Recently Cranston (2)  drvcloped a 
method whereby it should be possible 
at any instant in the  filtration cycle to  
calculate the effective porc-size distribu- 
tion of the medium if the  particle-size 
distributions in both feed and filtrate are 
known at thc sxmc instant in the filtrittion 
cycle. The method has not actually been 
applied, however, because of the accur:tte 
particle-size-distribution data  needed in 
the range of 0 to 5 p for any worth-while 
calcu1:itions and becitrise of tltc limited 

1.0 

0.10 

0.01 
10' 

Liquid Reaietonce C o e f f i c i e n t ,  F+,, , 
Fig. 15. Correlation of initial blocking resistance with liquid resistance of various filter 
media: 0 No. 8 cotton duck, TF-5071-F, 0 TF-5044, TF-5071-U, A SN-23, A 

FE-420, 0 SN-7, + 175-TW, V 220 felt. 

l / f t .  

Total Filtrate Weight,Vw,grams 

Total Filtrate Weight,V,. grams 

Fig. 16. Comparative particle-retention characteristics of various media: 0 175-TW, 0 FE-420, 0 SN-23, TF-5044, A SN-7, A No. 8 
cotton duck, 0 TF-5071-U, + AF-220 felt, 3 TF-5071-F. 
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utility of the results, as the effective 
pore-size distribution of the medium is 
changing continuously. The  method, 
however, should also be applicable to  
the calculation of expected particle-sizc 
distribution in the filtrate at the start 
of a filtration provided that  the particle- 
size distribution of feed and pore-size 
distrihution of filter niediuni are known 
at the start of the filtration cycle. . S' ince 
the mercury-intrusion methocl (Part I 
of the paper) provitlcs an accurate pore- 
size distribution for a given medium, this 
reverse application of Cr:inston's method 
may have practical v:ilue but has not 
yet been applied to  the data  reported 
here. The p:irticle-count data  for < 3-p 
particles passing uncollected with all 
media evamined have h c n  plotted vs. 
Vw on a semilogarithmic scale in Figure 
16. For many of the media these plots 
approximate a straight line over most or 
a11 of the filtration cycle. This shows that  
the particle count in the filtrate decreases 
at a constant percentage rate tlirougliout 
a significant portion of the filtration cycle. 
With the 175TW cotton twill and the 
FE-420 satin medium made from Orlon 
acrylic fiber, this decrease in number 
continued at a constant percentage rate 
throughout the periods of initial Mocking, 
standard blocking, and cake filtration. 
With very open cloths, such as 5071-U or 
SS-7 ,  the percentage rate of decrease in 
particle number increascd during the 
initial hlocking period but remained 
constant throughout the stantlnrd-block- 
ing and cake-filtration periods. With very 
tight cloths, such as  No. 8 cotton duck, 
the percentage rate of decrease in particle 
number appeared to diminkh during the 
initial blocking period but was constant 
throughout the remaining part, of the 
filtration cycle. Thus, over the standard- 
blocking region and initial regions of 
cake-law filtration a n  empirical relation- 
ship of the form Co = C.e-U"is indicated, 
where B is a constant which is related to 
the pore radius of the medium, C, is the 
number of uncollected particles in the 
filtrate at the start of standard blocking, 

Average Spnolilc Cake Resirtanoe, 6, if./lb. 

Fig. 17. Correlation between average specific cake resistance and standard-blocking 
performance: 0 No. 8 cotton duck, TF-5071-F, 0 TF-5044, TF-5071-U, A SN-23, 

A FE-420, 3 SN-7, + 175-TW. 

and Co is the number of uncollected par- 
ticles in the filtrate at any time after the 
s tar t  of stnndurd blocking. At any point 
in n filtration cycle the over-all collection 
number LV, hns been defined (19 and S) 
by the relationship Co = C,e-", where 
C ,  is the number of particles in the feed. 
\Vhcn written for the s tar t  of the stand- 
ard-blocking region, this expression be- 
coines C. = C , e-.''' , where N,' is the 
over-:t11 collection nuniber at the s tar t  
of standard-blocking fi1tr:ition. Combin- 

ing yields t.he general relationship Co = 
C,-t-"'<' + "') for constant-pressure filtra- 
tion over the standard-blocking and 
initial cake-law periods of filtration. 

Cake-jiltration Characteristics. With all 
media except the AF-220 felt, one or more 
regions of cake-law filtration followed the 
region of standard blocking, as indicated 
by the s t ra ight -he  portions of the 
t /V ,o  vs. V w  plots of Figures 3 to  11. In 
Table 2 are tabulated the values of the 
slope and intercept of the straight-line 

'r.4Bl.E 3. Co\ f lp . tRISOs  OF CloGCISC \'ALI'ES \\ ITH T O T t l .  1'UHE \'OLUllE A X D  VOLUNE OF FEED SOLIUS 

(1) (2) (3) (1) (5) (6) (7 )  

Pucketl volume* of feed solids 
Total pore Clogging To end of To start 

vol. of value of standard of cake 
medium medium hlocking Inw Rut io, R:itio, R:itio, 
A Le/A ,  x N h r 2 ,  period, filtration, column (2)/  colrimri (3)/ column ( 4 ) /  

Filter-medium style cc./sq.cm. cc./sq.cm. cc./sq.cm. cc./sq.cm. column (1) column (2) column (2) 
175TW Cotton twill 68 X 8 3 X 5 7 X lo-? 6 4 X lo-' 0 12 0 69 0 . 7 7  
FE-420 Filnmcmt Orlon sntin 18 G X I W 3  3 7 X 2 7 X 10-3 -I 0 X lW3 0 20 0 73 1 08 
SK-23 Staple nylon duck 4G X 3 9 X l O P  2 2 X 10-3 3 3 X 0 085 0 57 0 85 
TF-5044 Filament nylon twill 7.5 x 10-8 1 2 x 10-3 o 80 x 10-3 I 3 x 10-2  16 0.67 1 08 
AF-220 Woven wool felt 220 X 10-3 13 X 10 18 X 10 . .  0 20 0 42 
TF-5071-0 Filament Orlon taffeta 43 x 1 0 - 3  3 0 X 10-3 2 1 X 1 0 - 3  3 1 X 10-8 0.070 0 80 1 .03 
SN-7 Filnrnent nylon duck 21 x 1 0 - 3  4 8 X 10 4 0 X -I 0 X 0 23 0 8 3  1 02 
TF-5071-F Filament Orlon taffet:t, 

calendered 16 X 0 63 X l W 3  0.35 X 0 67 X 0 040 0 56 1 O(i 
No. 8 Cotton duck 48 X 0.73 X l o 3  0.38 X I W 3  1 . 1  X lo-' 0.015 0 52 1.51 
~- ~ 

'Packing porosity of particles within pore. e p  0.45. 
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(cake-law) portions of these curves for 
the various media. With all media except 
the very tight KO. 8 duck and TP-5071-1?, 
the  intercept obtained by extrapolation 
to V,c = 0 was negative. Such a negative 
intercept is obtained in normal cake 
filtrations only when initial bleed occurs. 
T h e  curves of Figures 3 to I I are extreme 
examples of this and show in detail how 
particle bleed and initial regions of 
blocking filtration shift the cake-filtration 
region, resulting in a reduced or nerative 

Fig. 18. Correlation of effective filter- 
medium resistance in cake filtration with 
average specific cake resistance: 0 No. 8 

cotton duck, 0 TF-5071-F, 0 TF-5044, 
TF-5071-U, A SN-23, A FE-420, 

0 SN-7, + 175-TW. 

intercept. In  a qualitative sense the value 
of this extrapolated intercept is an 
indication of the amount of bleed which 
has occurred bcforr cake filtration starts. 

The values of a, corresponding to  the 
regions of rake filtration for the various 
media, vary over a tenfold range (Table 
2) despite the flirt that  the same well- 
dispersed suspension was used in each 
case. Also, with very tight media such 
as KO. 8 cotton duck and TE’-j071-F, 
two successive regions of cake filtration 
resulted, with the value of a decreasing 
for the second region. The  absolute 
values of a are much higher than would 
be expected if they represented a true 
cake over the entire surface of the filter 
medium. Thus the value of a obtained by 
filteririg :i ell-dispersed suspension of 
the same solids under identical filtration 
conditions cwept  at a solids concentra- 
tion of 6,100 p.p.ni. hy volume (48 
g./litcSr) w:is constant :it a value of 
a = 2.1 (l0)lO ft./lb., which was inde- 
pendent of the filter medium used. The  
values of a tabulated in Table 2 are two 
to  thirty times this true value of a for 
a macroscopic cake. The photomicro- 
grtlphs of Figures 19 to 21 show the 
probable reason for this variation in the 
cslculated value of a and for the high 
absolute v:ilues obtained. Thus, in 
general, no m:tcroscopic (bake was formed 
on the surfwe of the filter medium even 
at the end of the filtration rycle. r ’ b  4 1 rures 
19 to 21 show that  onlv a microscopic cake 
had formed, both at ench interyarn pore 
and a t  nunierous isolated points on the 
surface of each yarn. Thus the effective 
filtration weir at the cuke surface was 
very much less than the surfitce area of 
the cloth. .-\Is0 this effective surface iirea 
of the cake appears to vary for various 
metliu constructions during the regions 
of cake-law filtration involved. Since 
area cntcrs as a squarcd tcrni in the 
calculation of a, this lack of a Inacroscopic 
cake and v:iri:ition in  the pnints of forms- 

Fig. 19. Photomicrographs of filter-media 
surfaces at end of runs. 
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Fig. 20. Photomicrographs of filter-media surfaces at end of runs. 

tion of the microscopic cake can easily 
account for the variability and the high 
absolute values of a. A changing cake- 
surface area during this period of cake 
filtration probably accounts for the suc- 
cessive regions of cake filtration encoun- 
tered with the very tight media. This 
indicates that  if the  filtration cycle had 
been carried on until a niacroscopic cake 
formed over the entire surface, a number 
of successive regions of cake filtration 
would result, with the values of a for 
successive regions decreasing to a final 
value which would be representative of a 
true macroscopic cake arid thus indeperid- 
ent  of the filter medium. With rather 
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loose cloths which tend to  bleed particles 
even during the observed region of cake- 
law filtriition, this particle bleed further 
complicates the picture. Thus final 
elimination of this bleed upon formation 
of a true macroscopic cake would have 
the opposite effect of tending to  cause a n  
increase in calculated a as a macroscopic 
cake forms. 

In  any case, Figures 19 to 21 show that  
the observed regions of cake-law filtration 
did not constitute true cake filtration with 
a macroscopic cake. These photomicro- 
graphs and the corresponding filtration 
da ta  throw considerable light on how a 
cake forms on the surface of woven 
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media. Despite the high yarn twist of 
the TF-5071-U and the TF-5071-F 
media, the photomicrographs of Figure 19 
show tha t  appreciable filtration is occur- 
ring through the yarn structure with 
cake formation at numerous isolated 
places on the surface of the yarn itself. 
In  8 this respect, the  photomicrographs 
show little difference between low and 
high yarn twist. However, the sm&r 
interfiber pores resulting from both high- 
twist yarns and from calendering appear 
to minimize penetration of the yarns by 
particles and result in filtration with 
more rapid cake formation a t  the surface 
of the yarns. 

The  variability of the values of a 
obtained with various media appears to 
he closely related to  the value of the 
plugging constant K ,  obtained for the 
Same medium during the standard 
Mocking portion of the filtration cycle. 
Thus the plot of Figure 17 indicates a n  
exponential relationship between K.j2 
and a. The apparent increase in observed 
a with increasing values of K , / 2  is 
related to thc variation in the clogging 
value xA’hro* from medium to medium, 
smaller clogging values causing higher 
values of plugging constant and a reduced 
area of pore constriction at which cake- 
law filtration starts. Thus the greater the 
plugging constant in these runs, the lower 
the true cake-forming area at the start 
of cake filtration and the greater the value 
of a computed for the initial region of 
cake-law filtration by use ‘of the total 
filter-medium area. The  effective resist- 
ance of the filter medium at the start of 
the region of cake-law filtration can be 
calculated from the instantaneous Al/AL’w 
values at  this point in the filtration cycle. 
Such values of R,, as given in Table 2, 
appear unrelated to the liquid resistance 
of the unused medium. Rather, these 
values of R,  appear closely related to  the 
value of a obtained from the region of 
cake-law filtration with each respective 
medium. This is shown by the logarith- 
mic plot of Figure 18. With the more open 
media, the value of R ,  was near a value 
equal numerically to  O.la, which experi- 
ence in true cake filtration (6) has shown 
to be the usual order of magnitude of R,. 
However, as the media became tighter, 
the  ratio of R,/a decreased, with 
R ,  = 0 . 0 1 ~ ~  for the very tight media. 
This low value of the R,/a probably 
results from lack of a macroscopic cake 
in the  observed region of cake-law 
filtration, which causes the calculated 
value of a to be too large. 

Comparison of Filtration Performance 
with Pore Volume and Pore Size of the 
Filter Media. Clogging values rShro’ f o r  
the various filter media used are computed 
in  Table 2 by use of Equation (8) and 
the slope of the corresponding t /VW vs. t 
plot of the filtration data  for the region 
of standard blocking. Rased on previous 
measurements (5) a value of e D  = 0.45 
was used for the packing porositi of the 
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particles retained on the pore walls. 
These clogging values represent the 
effective pore volume of the filter medium 
which plugs during this standard-blocking 
period of filtration. In Table 3 these 
clogging values are compared with the 
total pore volume of each filter medium. 
The clogging value of pore volume. is 
seen to range from 1.5 to 23% of the 
total pore volume. The ratio of the clog- 
ging value to the total pore volume is 
smallest for the tightest media but 
otherwise seems independent of the 
construction of the filter medium. For 
media other than the tightly woven 
No. 8 cotton duck and 5071-F calendered 
Orlon the clogging value was from 7 to 
23y6 of the total pore volume. This 
percentage of the pore volume can be 
interpreted to represent the volume of 
the pore constrictions which is controlling 
insofar as particle buildup and plugging 
are Concerned. 

Also shown in Table 3, for the various 
media, is a comparison of the clogging 
values with the total packed volume of 
solid particles fed t)  both the end of the 
standard-blorking region and the start 
of thc region of cake-law filtration. The 
packed volume of the solids fed to the 
end of the standard-blocking region is 
seen to range from 52 to 83% of the 
clogging value of pore volume. The 
packed volume of the solids fed to the 
start of the region of cake-law filtration 
is seen to range from 77 to 151% of the 
clogging value of pore volume, with five 
of the media showing packed volume of 
fced solids to equal the clogging value 
f lo(,& a t  the start of cake-law filtration. 
These figures then support the interpre- 
tation of the clogging value as the volume 
of the pore constrictions which is con- 
trolling insofar as particle buildup and 
plugging are concerned. Failure of the 
standard-blocking relationship before 
lOOC/', of the clogging value of pore 
volumc is filled with packed particles, and 
the existence of a transition region be- 
tween the regions of standard-blocking 
and cake-law filtration may result from 
a t  least two factors. First, as that portion 
of the pore volume represented by the 
clogging value becomes more than half 
filled with packed particles, an appre- 
ciable part of the flow may occur through 
the smaller pores between the packed 
particles along the pore wall, causing 
a combination of standard-blocking and 
cake-law filtration. Second, since the ro 
term of the clogging value, 7rNhro*, is not 
a constant but rather a distribution of 
sizes, some of the pore constrictions 
representing the clogging value of pore 

,volume may become plugged before 
others, resulting in cake-law filtration 
through some pore constrictions while 
filtration through other constrictions still 
follows the standard-blocking mode. This 
second factor can be expected to be more 
pronounced in constant-rate filtration 
than in constant-pressure filtration. 
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Fig. 21. Photomicrographs of filter-media surfaces at end of runs. 

With thc physical picture of buildup 
of packed particles on the walls of the 
pore constrictions represented by the 
clogging value of pore volume, a basic 
difference between constant-pressure and 
constant-rate filtration during the region 
of standard blocking becomes clear. Thus 
the shear stress at the walls of these 
constrictions is equal to either r (Ap) /2h  
or (p,/g.) (4q/xr3), where r = ro at the 
start of standard-blocking filtration and 
T decreases as a packing of particles 
builds up on the malls. IVith flow through 
the packing of the particles neglected, the 
shear stress a t  the wall or surface of 

packed particles on the \mil then de- 
creases with constant-pressure filtration, 
but increases with constant-rate filtration. 
As already discussed, particle retention 
increased during the standard-blocking 
period of filtration for the constant- 
pressure filtrations reported here. Few 
data on particle retention for constant- 
rate filtration during the standard- 
blocking period have been reported, and 
i t  is not clear whether the degree of 
retention actually decreases short of 
breakthrough. The fact that particle 
collection by interception will tend to 
increase us the radius term of the clog- 
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ging value decreases complicates the 
picture for the c u e  of constant-rate 
filtration. 

In Figure 2% is shown a logarithmic 
plot of the clogging, rNhro', vs. the 
modal value of interfiber pore radius, r,, 
for the various media as determined by 
the mercury-intrusion method. A good 
correlation is indicated of the form 

*iVhr,2 = br," (1 1) 

in which n = 3.0 and b = 4.7(10)' cm-2. 
This is strong cvidencc of a definite 
relationship between the radius, To, of 
the pore constrictions a t  which plugging 
occurs and the measured value of inter- 
fiber pore radius, r,. Further, the value of 
n = 3.0 suggest that the value of the 
product Nh may vary in direct propor- 
tion to the value of ro, which would result 
in a direct relationship between ro and rf. 
The fact that the particle retention, 
calculated on the basis of r f  and the 
assumed mechanism of collection by 
interception, is in the range of observed 
particle retention lends support to this 
hypothesis. When it is recognized that 
measurements by the mercury-intrusion 
method result in the distribution of pore 
size in terms of the pore volume which 
can be entered through constrictions of a 
certain size, the equality of r f  and ro 
appears to be a reasonable approximation. 

The plotting of the clogging value vs. 
the average pore radius, as measured by 
the permeability method (Figure 22b), 
shows that a relationship similar to that 
of Figure 22u appears to exist. The slope 
is again 3 although the scatter of data 
is greater. However, this relationship is 
believed to be a secondary one which 
results from the primary relationship of 
Figure 2% and a direct relationship 
between the values of r, messured by the 
mercury-intrusion method and the values 
of r ,  measured by the permeability 
method. The fact that particle retention 
calculated on the basis of r,  is very much 
less than the observed values indicates 
that r, and ro cannot be equivalent. 
Considemtion of the pcrmcability method 
of measuring r ,  also indicates that r, 
would be expected to be considerably 
larger than the pore constrictions and 
therefore not equivalent to ro. 

If r, is assumed equivalent to rot 
values of the pore-population density, 
N, and effective pore length, h, can be 
calculated from the mmured  values of 
the clogging value, rNhro*, and pore 
resistance, 8h/?r2Vro4, as discussed in the 
Appendix. In order to give additional 
meaning to this for an actual filter 
medium which has pores containing 
constrictions of radius ro rather than 
straight-through pores of uniform radius, 
use is made of the relationship 

in which t is the measured value of the 
average porosity of the medium, and a 
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Fig. 22. (a) Correlation of clogging values with measured values of interfiber pore radius: 0 No. 8 cotton duck, 0 TF-5071-F, 0 TF-5044, w TF-5071-U, A SN-23, A FE-420, 0 SN-7, + 175-TW, V 220 felt; (b) correlation of clogging values with measured average pore 

radius: 0 No. 8 cotton duck, TF-S07l-F, 0 TF-5044, TF-5071-U, A SN-23, A FE-420, 0 SN-7, + 175-TW, \ ' 220 felt. 

is the fraction of average cross-sectional 
area of the pores existing at the constric- 
tion of radius ro. Thus, a can be thought 
of as the minimum free area represented 
by the constrictions of radius ro which 
become plugged during filtration. The  
values of iV, h, and a, calculated on the  
assumption that  ro = r,, are given in 
Table 4. As expected, the values of the  
product h S  are approximately propor- 
tional to the values of ro. The  scatter can 
bc seen by comp:iring T I .  numerically t o  
the quantity xh.V/b. Only the values for 
the AF-220 felt disagree badly, indicating 
that  the assumption of r f  = ro is probably 
valid esrept for the felt. Permeability 
measurement of average pore size on 
this felt, as reported in Par t  I, showed 
that, because of swelling in aqueous 
solution, the pore size in this medium 
dccre:ised msrkcdly d i e n  water wet. 
Since the measured v : h e  of r, \\-as 
deteriniried on the dry felt, \\-Me the 
solution filtered contained 20y0 water, it  
is not surprising th:tt the measured value 
of r f  is indicated to be too large to  fit the 
correlation. 

The  c:ilculated values (Table 4) of a, 
the ratio of free :ma of pore constrictions 
to average free area of pores, ranged 
from 0.07 to  0.41 with the various media. 
This suggests that  the radius, To ,  at the 
pore constrictions was in the range of 
27 to  66% of the average radius of the  
pores. The  ratios of the effective pore 
length, A, t o  the measiired thickness of 
the medium (Table 4) was less than 1.0 
in  all cases arid fell in the range of 0.18 
to 0.44 for all media excrpt the felt. The 
examination of many more media appears 
necessary before the real meaning of the 
calculated values of h, a, and N can be 
established; however, the values obtained 

for the media studied here appear con- 
sistent with the physical picture of 
medium structure and particlr removal 
by the plugging of pore constrictions, as 
already discussed. 

The empirical relationship of r'g 3 1  ure 
22a arid ICquation (11) may be of great 
practical significance. Since the values 
of interfiber pore radius and clogging 
values ori which this rrlationship is 
bused cover metli:i of widely different 
construction, prediction of clogging val- 
ues for other media should be possible 
based on metisiirement of pore-size dis- 
tribution. Consideration of the nature of 
the clogging valur leads to  the conclusion 
tha t  this value is a property of the filter 
medium nliich can he expected within 
limits to  be independent of the conccn- 
tration or size distributiori of the particles 
in the fectl suspension. Thus the vari:ttion 
in the ovrr-all plugging constant, K., 
N ith suc.11 (h inges  in ferd suspension 
may in fact result orily from variations 
in the numcrator, r / ( l  - e n ) ,  of the 
second term of I'quatiori (9). If this can 
be verified. prediction of the changes in 
over-all plugging coristwt resulting from 
changes in feed suspension with a given 
medium will follon. The  problem of 
predicting filtration pcrforniitnce from 
either measured or predicted clogging 
values is greatly complicated, however, 
if the filter medium is either conipressible 
within the range of oper:iting pressures 
to be encountered or is physically changed 
by absorption of the liquid being filtered. 
Either of these factors can greatly alter 
the clogging value of the medium, and 
these effects were purposely minimized 
by the conditions used in the work 
reported here. 

SUMMARY 

The :ipplic.tttion of tt clarification tcch- 
niquc to the evaluation of the pcrformance 
of nine widely different filtvr mcdia of 
prcviously determined pore structure has 
shown the following 0hserv:itions. 

1. .\ region o f  st.:indard-t)loc.liing filtration 
oc(:urs with c w h  Inetlium, :ind thus a 
c*har:wtwistic clogging vnluc. which is a 
measure of the volume of porv constrictions 
thiit. plug during filtration (.:in be deter- 
rriiriod. 

2. The rcgiori of standartl-t)locking filtra- 
t.iori ends when 50 to 805%. of the clogging 
valuc~ of pore volume l)ec-omc~.~ filled with 
packed solids. 

3. . h i  init ial rogion of cvikv-l:iw filtration 
t)cy$ris mheri t.hc packed volume of solids 
rrrnovcd tmoincs 80 to 1507;. of thc clog- 
ging value of pore volume. 

4. This iri i tkil  rc.gioli of c:ike-l:iw filtra- 
tion reprewits cake filtrt+tion on :L micrn- 
sropic. r:ithctr than a rn:ic*roscopic ec;iltt, such 
t h t  the specific: c*rik(: rcsistci rice computed 
on tlw tmis of the supcrfic.i:il filtration area 
is two to thirty ti1nt.s the actrial specific 
cciki. rc.eist:inct: and is ciepc.iidvnt on the 
pore striictiirc of thc filter nicdiiini. 

5. T h c ~  dcgrc:e of ptwtic-le rmioval during 
t.hi: rc.gion of stincI;ird-blocl;iiig filtration 
is of f he s:imo m:igriitudc ;is t h t  c:ilcul:ited 
on thv h s i s  of p:irti(:l(: rmiovnl by direct 
iriterwptiori a t  the n d l s  of p i ~ e  c:onst.ric- 
tioris of r:idiiis equal to tho mcid:il value of 
intertibc~-l)ore radius. 

6. A clcliiiite (*orrelation vuists between 
the cblogging valuc, rrie:isiirc:d for  the region 
of st;intl:ircl-blockiii~ filtration, :irid the 
mod:il v:tliic: of intc.rlibcr-j)ore iwlius of thc 
modium. 

7.  This correlation strongly suggests 
eqii:ility t)etwceri the radius of pore con- 
strictions which plug during standurd- 
blocking filtration and the Inodril value of 
interfiber-pore radius :is meastired by the 
merciiry-iritnifiiori method. 

8. Thc work directed along the lines 
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nitiated here may ultimately make possible 
prediction of filter-media performance on 
the basis of pore structure, but the limita- 
tions imposed by variables not considered 
here must first be evaluated. 

NOTATION 

a = fraction of average free area of 
pores existing as plugging restric- 
tions, dimensionless 

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

b = constant in empirical relationship, 
I/sq. cm. 

R = exponent in empirical equation 
Co = ClecBV, dimensionless 

c = volume of solid particles removed 
per volume of solution filtered, 
cc./cc. 

c, = volume of solid particles in feed 
suspension per volume of solution, 
cc./cc. 

C = constant in empirical equation, 
l/sq. cm. 

C, = number of particles per unit vol- 
ume of feed suspension, I/cc. 

Co = number of particles per unit vol- 
ume of filtrate at any time, I/cc. 

C, = number of particles per unit vol- 
ume of filtrate at start of standard- 
blocking region, I/cc. 

= conversion factor in Newton’s law 
of motion, 980 (6.) (cm.)/(g. 
force) (see.)? 

h = pore length in standard-blocking 
equation, cm. 

k = constant in general differential 
equation for filtration cycle (di- 
mensions depend on value of 
exponent, n) 

k‘, k” = constants in empirical equation 
for initial portion of filtration cycle 

K = constant of Kozeny-Carman rela- 
tionship (5 f lo%), dimensionless 

K b  = plugging constant of complete- 
blocking law, l/sec. 

K. = plugging constant of standard- 
blocking law, l/cc. (l/g. when 
V ,  is used) 

K ,  = plugging constant of intermediate- 
blocking law, l/cc. (l/g. when 
V,, is used) 

K ,  = plugging constant of cake-filtra- 
tion law, sec./cm.s (sec./g.* when 
V ,  is used) 

L = measured thickness of filter me- 
dium, cm. 

m, m’, m” = exponents of empirical re- 
lationships 

n = exponent of general differential 
equation for filtration process 

A; = number of pores per unit area, 
number/sq. cm. 

,VC = collection number as defined by 
equation Co = C,e-”c, dimension- 
less 

N,’ = collection number at s tar t  of stnnd- 
ard-blocking region, dimensionless 

Ap = total pressure drop (across filter 
medium and cake if any) at time, 
t, during filtration, lb./sq. in. 
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ApO = total pressure drop at start of 
filtration, Ib./sq. in. 

q = filtration rate a t  time, t, during 
filtration, cc./sec. (g./sec. when 
V W  is used) 

qo = filtration rate at s tar t  of filtration, 
cc./sec. (g./sec. when V ,  is used) 

qu = rate of liquid passage through un- 
used filter medium in permeability 
measurements in viscous flow 
range, cc./sec. 

r = effective pore radius in medium at 
any time, t, during filtration, p 

r ,  = modal value of interfiber-pore 
radius as measured by mercury 
intrusion method, p 

ro = effective initial pore radius in  
standard-blocking equation, em. 

r ,  = average pore radius of filter me- 
dium calculated from liquid per- 
meability measurements, p 

R,  = effwtive resistance of filter me- 
dium during cake filtration, 1/ft. 

t 
V = cumulative volume of filtrate at 

time, t, cc. 
V ,  = cumulative weight of filtrate at 

time, t ,  g. 
w = weight of suspended solids per 

unit volume of filtrate, lb./cu. ft. 
a = average specific cake resistance, 

ft./lb. 
e = porosity of filter medium, void 

fraction, dimensionless 
L, = packing porosity of particles de- 

posited on pore walls, void frac- 
tion, dimensionless 

p, = density of solution, fluid, or filtrate, 

p. = density of suspended solid, g./cc. 
p, = viscosity of solution or filtrate, 

= time of filtration, sec. 

g./CC. 

ccntipoises 
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APPENDIX 

Modified Dewlopment of 
Standardglocking adationship 

The physical picture assumed in deriving 
the standard-blocking law of Hermans and 
Bredbe is that the filter medium consists of 
parallel pores of equal length and radius. 
The mechanism assumed is one of direct 
interception of particles from streamlines 
adjacent to the pore walls and of particle 
retention on the walls of the pores in such a 
way that the volume of the major flow chan- 
nel through the pores decreases .in direct 
proportiou to  the volume of filtrate whch 
passes through the pore. This means that for 
standard blocking to occur over a period of 
considerable duration, the initial pore dism- 
e k r  of the medium must be a t  least several 
times the particle diameter even a t  very low 
solids concentration. 

In a capillary of round cross section of 
radius ro and length h, through which passes 
a volume of liquid, dV, from which is re- 
moved a volume, c, of filterable particles per 
unit volume of liquid filtered, the reduction 
in volume of the originaf capillary channel 
will equal the packed volume of solids de- 
posited, or 

where is the porosity of the layer of re- 
tained particles. Integrating between the  
limits of the start of filtration and the point 
where ’the volume filtered is V and the 
radius is r gives 

C’ - r v  

- 2 ~ N A h ] , ~ r  dr=- d V (A2) 1 : e, J, 

From Poiseuille’s law, the instantaneous 
time rate of flow, qo = dV/dt, can be related 
to the pressure drop, Ap; the number of  
capillaries per unit area, N ;  the filtration 
area, A ;  the diameter and length of eapil- 
laries, 2r0 and h;  and the solution viscosity, 
p,, by the expression 

and as the pores plug during filtration by 

provided that the flow through the packing 
voids of the layer of retained solids on the 
pore walls is negligible compared to flow 
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through the main channel of the pore. Re- 
arrangement gives 

Substitution of values from (A6) and (A7) 
in (A3) gives 

or 

.settinr 

( g e  Y'' = p (A10) 
87rN Ah3p, 

Then 

(A1 1) 
which is the general differential form of the 
standard-blocking law. 

For constant-pressure operation 1':qua- 
tion ( A l l )  becomes 

Renrranging gives 

d V  q = -  
dt 

Integrating gives 

TI 

Renrrangement of Equntion (A15) yields 
the form 

(AlG) 
or by further rearrangement, the form 

where the K, of the Hermans and Bred& 
equation equals 

Equation (A17) can be made more under- 
standable and significant in terms of filter- 
medium behavior if the terms Apo, 8, and QO 
are replaced by terms containing the filter- 
medium constants. This can be done by 
substituting E:qrintions (:15) and (A10) in 
(-417) to  give 

or, simplified, 

calculation of the remainder. lleasurement 
of pore-size distribution by the mercury- 
intrusion technique actually reflects the dis- 
tribution of pore constriction and thereby 
offers a means of measuring one of these 
variables, thus permitting calculation of the 
remainder. 

This same procedure can be applied to 
relatc the characteristics of the filter medi- 
um to performance over the standard- 
blocking region for the case of constant-rate 
filtration. For constant-rate filt,rittion q = qo 
and the general differential form of the stan- 
dard-blocking equation IEquation (.411)] 
can be written as 

1 1 

Substituting the valucs of 
Equations (As) and (AlO) gives 

rind qo given by 

Sirnplifyiiig and rcxrranging gives 

This shows that the slope of a t / V  vs. 1 plot 
during the period of standard blockirig (the 
K,/2 of Hcrm:ins and BredCc's equation) is 
equal to the packtd volume of solids re- 
moved per voliirne of filtrate divided by the 
effective pore volume of the area of filter 
medium used. Thus, with c = c,, the volume 
of solids per iinit volume, solution in the feed 
suspension, nssumed and the probable value 
of en known from independent mcasure- 
mrnts on the particulate solids, the clogging 
value of the medium, n.Vhro2, can be solved 
for dirertly from the slope of the t / V  vs. 1 
plot over the standard-blocking regiou. Thc 
pore-resistance constant, 8h/aNro', can also 
be calculated from the extrapolated inter- 
cept of the standard-blocking region. Solu- 
tion for individual terms IV, h, and ro is not 
possible by us(' of these values alone. If the 
filter medium wcrr truly composed of 
straightthrough circular pores of uriiforrn 
radius, the relationship ,V = c/aro2 becomes 
valid and a direct solution for values of 'Ir, 
h, and ro would become possible. However, 
since the actual pores of the filter medium 
are of nonuniform cross section along their 
length, the major areas of plugging are 
probably restricted to  the constrictions 
within these pores. Altho\igh these constric- 
tions will not all be a t  the s:ime depth within 
the filter medium, it seems remaonable that 
under these conditions thiv plugging area or 
minimum free area will be lees than e.4 and 
can be writtrn as acA, where a is the frac- 
tional free cross-sectional area represented 
by the pore constrictions which actually 
plug. For an actual filter medium, the popu- 
lation density of the pores can then be 
written as 

(A20) 

aherc ro is the radius of the pore constrie- 
tions which plug :tnd a is the frartional free 
cross-sectional area represented by pore 
constrictions of this radius. This h d s  to 
four uIiknown terms, .V, a, h, and ro, and 
dircct solution with the three independent 
relationships avidable is not possible. How- 
ever, me:isurernent of any one will nllow 

Thus the slope of a plot of ( A p o / . l ~ ) O . ~  VS. V 
should allow direct cnlcuhtion of the clog- 
ging valuc, r.Vhro2, for thc filter medium 
during constmt-rate filtration. However, 
direct solution for iV, a, h, and ro is agdin not 
possible if all are unknown. 

Inspertion of Equation (A19) for con- 
stant-pressurr filtration shows that neither 
A p  nor p, should have any direct effect 
on the slope of the t/V vs. t plot during the 
period of standard blocking, but that both 
ttffeet the intercept directlp. IIowever, 
changes in A p  can be expected to have con- 
siderable indirect effect by changing the 
values of c,, c p ,  and ro. The 7 0  term of the 
clogging valuc. will decrease with increasing 
A p  bemirise of compression of the medium. 
Values of c, and e, can be expected to de- 
crease with increasing A p  bemuse of the 
increasing shear stress, r(Ap)/2h, in the 
pores. If direct interception is the control- 
ling mechanism of p:trticlc retention, 
changes in fi, should have no effect on con- 
stant-pressure filtrations provided that the 
same A p  is used and shear stress within tho 
pores is similar from run to: run. 

Similar consideration of Equ:rtion (A22) 
for a constant-rate filtration shows that 
changes in rate of filtration or the viscosity 
have no dircrt effect OIL the slope of the 
( h p o / A p ) 0 . 5  vs. V plots of such data. How- 
ever, changes in either qo or p I  can be ex- 
pected to have a large indirect effect by 
changing the values of ro, c,, and en. Thus, 
if either qo or p, is lcft constant and the other 
increased, the value of Apo incredses, e:iusing 
increased initial compression of the medium 
and an increased shear stress, (p , /go)  
(47/m3), in  the pores a t  any point in the 
filtration cycle. 
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