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Introduction  

Filters play an important role in any industrial

society. Filtration is the separation of particles

from a fluid (liquid or gas) by passage of that fluid

through a permeable medium.1 When the parti-

cles represent a significant proportion of the fluid,

the process may be described as bulk solids col-

lection. When the particles represent only a very

small proportion of the total (0.01% or less), the

process is called fluid clarification.

In most cases, Pall filters are used to remove par-

ticles ranging in size from fractions of a microm-

eter to 40 plus micrometers. The smallest pencil

dot that can be seen by the unaided eye is approx-

imately 40 micrometers in diameter. For those

who think in terms of the metric system,a microm-

eter is 1 / 1000 of a millimeter which is approxi-

mately one twenty-fifth of an inch. To translate

directly into inches,

one micrometer = inch = 0.000039 inches.

25,400

“Micron”is the commonly used shortened form for

micrometer, and its symbol is µm.

See References at end of paper.

Filtration Processes

Suspended solids are separated from fluids via

three mechanisms: inertial impaction, diffusion-

al interception and direct interception. While

these mechanisms of filtration are operable,the rel-

ative importance and role of each changes. Both

inertial impaction and diffusional interception are

much less effective with liquids than with gases.

Since the density of a particle will typically be

closer to that of a liquid than to that of a gas,devi-

ation of a suspended particle from the liquid flow

line is much less,and thus impaction on the struc-

ture of the medium is less likely. Moreover,

impaction in many systems is not followed by

adhesion of the particles to the surface of the fil-

ter medium. Diffusional interception in liquids

occurs to only a very limited extent because

Brownian Motion is not nearly as pronounced in

liquid suspensions as in gaseous suspensions.

1.  Inertial Impaction

Particles in a fluid stream have mass and velocity

and, hence, have a momentum associated with

them. As the liquid and entrained particles pass

through a filter media, the liquid stream will take

the path of least resistance to flow and will be

diverted around the fiber. The particles, because

of their momentum, tend to travel in a straight

line and, as a result, those particles located at or

near the center of the flow line will strike or

impact upon the fiber and be removed. Figure 1

illustrates this process. The fluid stream, shown

as solid lines, flows around the filter fibers while

the particles continue along their path, shown as 

Figure 1 Inertial Impaction
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Figure 2
Diffusional
Interception

Figure 3
Direct
Interception

dashed lines, and strike the fibers. Generally, larg-

er particles will more readily deviate from the flow

lines than will small ones. In practice, however,

because the differential densities of the particles

and fluids are very small,deviation from the liquid

flow line is much less and,hence,inertial impaction

in liquid filtration plays a relatively small role.

2.  Diffusional Interception

For particles that are extremely small (i.e., those

with very little mass), separation can result from

diffusional interception. In this process,particles

are in collision with the liquid molecules. These

frequent collisions cause the suspended particles

to move in a random fashion around the fluid

f low lines. Such movement, which can be

observed microscopically, is called “Brownian

Motion.” Brownian Motion causes these smaller

particles to deviate from the fluid flow lines and,

hence, increase the likelihood of their striking the

fiber surface and being removed. Figure 2 shows

the particle f low characterized by Brownian

Motion and impacting the filter fibers. As with iner-

tial impaction,diffusional interception has a minor

role in liquid filtration. This results because of

the inherent nature of liquid flow which tends to

reduce the lateral movement or excursions of the

particle away from the fluid flow lines.

3.  Direct Interception

While inertial impaction and diffusional inter-

ception are not as effective in liquid service as in

gas service,direct interception is equally as effec-

tive in both and is the desired mechanism for sep-

arating particles from liquids. In a filter medium,

one observes not a single fiber,but rather an assem-

bly of a large number of such fibers. These fibers

define openings through which the fluid passes.

If the particles in the fluid are larger than the

pores or openings in the filter medium, they will

be removed as a result of direct interception by

the holes. Figure 3 portrays this removal mecha-

nism. Direct interception is easily understood in

the case of a woven wire mesh filter with uni-

form pores and no thickness or depth;once a par-

ticle passes through an opening, it proceeds

unhindered downstream. Yet such a filter will

collect a very significant proportion of particles

whose diameter is smaller than the openings or

pores of the medium. Several factors that help

account for this collection are outlined below and

illustrated in Figure 4.

• In the real world most suspended particles,

even if quite small when viewed from some

directions, are irregular in shape and, hence,

can “bridge” an opening.

• A bridging effect can also occur if two or more

particles strike an opening simultaneously.

• Once a particle has been stopped by a pore,

that pore is at least partially occluded and,

subsequently, will be able to separate even

smaller particles from the liquid stream.

• Specific surface interactions can cause a small

particle to adhere to the surface of the inter-

nal pores of the medium. For example, a par-

ticle considerably smaller than a pore is likely

to adhere to that pore provided the two sur-

faces are oppositely charged. Moreover, it is

sometimes not necessary that they be oppo-

sitely charged. A very strong negatively charged
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filter surface can cause a positive charge to be

induced on a less strongly charged negative

particle. There can also be other types of

interactions such as “hydrogen bonding.”

Direct interception can also obviously occur in fil-

ters in which the pore openings are not uniform

but instead vary in size (but within carefully con-

trolled limits) throughout the thickness of the fil-

ter medium, resulting in a tortuous flow path.

Filters of this type include membranes,2 Pall’s

HDC® II medium,Pall’s Ultipor® glass fiber filters,

and cellulosic paper filters.

Membrane filters like screen-type filters collect

particles smaller than their absolute removal rat-

ing by the four means previously mentioned.

However, the fact that the medium contains pores

smaller than the absolute removal rating size fur-

ther enhances the possibility of particles smaller

than this rating being removed from the fluid

stream by direct interception.

4.  Particle Release Under “Impulse”

Conditions

We have established that there are numerous meth-

ods by which a filter can collect particles smaller

than its absolute removal rating. Under certain con-

ditions, a portion of these finer particles can be

released and pass downstream. For example, if a

wire mesh screen filter has collected particles

smaller than its pore openings at a low, steady

rate of liquid flow, and the flow rate is then

increased many fold, some of these smaller parti-

cles will probably be released downstream. To

test for such release,“impulse” (rapidly varying)

flow conditions can be deliberately set up,and par-

ticles so released collected downstream by a finer

filter for counting and inspection.

Even if the buildup in pressure is gradual and not

that great, release of collected particles is likely to

occur if the structure of the medium is such that

the pore dimensions can enlarge. Those com-

mercially available filters prone to this type of

malfunction are the so-called “wound”and similar

fibrous types in which numerous poorly supported

fibers are present which move as pressure builds.

To summarize,every type of filter will collect par-

ticles finer than its absolute rating, and under

extreme impulse conditions such finer particles

may release. Filters in which the structural por-

tions of the medium are free to move in response

to increased pressure are particularly prone to

this occurrence,and they may even release down-

stream particles larger than their pore size.

In a well designed filter, particles larger than the

pore size do not pass downstream of the medium.

The most successful approach to zero particle

release is achieved by using a filter medium in

which the pores will not enlarge under pressure

and in which the thickness is sufficient so that in

normal service substantially all the incident par-

ticles are collected in the first tenth to fifth of the

thickness, leaving the rest available to stop under-

size particles which may be released from the

upper layer on impulse.

5.  Aids to Liquid Filtration

It is possible to supplement the three principal

mechanisms of filtration, and to enhance a filter’s

effectiveness in removing particles from a liquid.

Several methods will be discussed briefly.

Figure 4
Removal
Mechanisms for
Particles Smaller
Than the Pores of
the Medium
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A. Electrostatic Deposition

Most particles carry a negative charge. The fibers

of the medium often carry charges that can affect

both particle removal efficiency and/or particle

retention efficiency of the filter. It is possible,

therefore, to enhance the particle capture mech-

anisms of a filter by inducing a desired charge

(usually positive) on the fiber.3 Figure 5 illustrates

a typical particle-fiber interaction based upon dif-

ferences in zeta potential. The particle has a neg-

ative surface charge associated with it resulting

from a double ionic layer formed on the particle

surface. The clear circles are positive ions while

the dark circles are negative ions. The filter media

has an induced positive zeta potential which can

then promote particle adherence.

The intensity of charge of both the particle and

the fiber is important. In general, as the charge

intensity increases and particle size decreases,

capture efficiency will increase. The obvious effect

of a charged filter surface is the ability to remove

very fine sized particles by a medium having rel-

atively large pores, very often at low pressure

drops and high dirt holding capacity.

One must use great caution when seeking to aid

the filtration of liquids through electrostatic depo-

sition, however. A charge is often unstable and

influenced by pH of the contacting fluid, the pas-

sage of ionized gases,radiation,time,humidity,and

the deposition of charged particles. Consequently,

predictability of particle capture efficiency is poor

and should be determined empirically.

B. Flocculation

Very fine size particles are difficult to filter. One

way to enhance filterability is to cause them to

“clump”together to form larger particles that are

easier to filter and usually produce filter cakes

which result in less pressure drop and, in conse-

quence, an increase in throughput. Flocculation

of particles by the addition of polyelectrolytes

(long chain molecules with many positive and

negatively charged ionic points along the chain

length) to the fluid system is a common practice.

Polyelectrolytes (e.g., soluble starches,gelatin,and

derivatives of polyacrylates) attach themselves to

many oppositely charged particles in the liquid

causing their agglomeration and increasing their

settling rate. They should be selected empirical-

ly for each fluid process. Figure 6 summarizes

the basic flocculation process.

In everyday practice, the polyelectrolyte is dis-

solved and a very small quantity is added to a much

larger volume of the suspension of solids to be

flocculated. Agitation must be optimum for the sys-

tem – sufficient to disperse the polyelectrolyte but

not too strong as to rupture the flocs. Continued

agitation can decrease the flocculation and increase

the amount of  “haze” present. Air pressure, or a

non-shearing pump is preferred for moving the

flocculated material to the filter so as not to cause

deflocculation. Recirculation of the suspension

should also be avoided for the same reason.

Whether or not a polyelectrolyte can be used in

a filter process depends on its performance,cost,

and adulterating effect.

Figure 5
Zeta Potential
Particle-Fiber
Interaction

Filter Media
Surface
(Positive Zeta)

Particle
(Negative Zeta)

Ionic
Double
Layer

The Use of Polyelectrolytes, Large Molecules with
Multiple Ionic Sites of Different Charge Than the
Zeta Potential of the Particle, Which Actually Binds
Particles Together to Form Aggregates.
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Figure 6 Flocculation Process
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Filter Types

In recent years it has become increasingly com-

mon to classify filters and filter media as either

“depth type”or “surface type.” Unfortunately, filter

manufacturers have been unable to agree upon an

“official”definition of the terms. As a result, much

misunderstanding is encountered in the field on this

subject. The purpose of this section is to separate

fact from fiction respecting this matter.

1.  Non-Fixed Random Pore Depth Type

Media

Non-fixed random pore depth type media depend

principally on the filtration mechanisms of inertial

impaction and/or diffusional interception to trap par-

ticles within the interstices or spaces of their inter-

nal structure. Examples of this type of media are

felts,woven yarns,asbestos pads,and packed fiber-

glass. Such filters are constructed of non-fixed

media of a thickness sufficient to trap particles in

a given size range on a finite statistical basis.

As noted earlier, release of collected particles is

likely to occur if the structure of the medium is such

that pore dimensions can enlarge as the pressure

drop increases. Also,every type of filter will collect

particles finer than its pore size but under impulse

conditions these finer particles are more likely to

be released by a filter whose pores can enlarge.

This is always a problem with non-fixed random

pore depth type media. Such media contain many

tortuous passages,and there are many paths through

which fluid can flow. Naturally, the small passages

become blocked first, resulting in more and more

flow being taken by the large passages. Since the

structure of the medium is not an integral one,

increased pressure on the large passages can cause

the medium to separate, thereby widening the

passages. It should be obvious that channeling of

this nature adversely affects the performance of

the filter.

Non-fixed random pore depth type filters depend

not only on trapping but also on adsorption to

retain particles. As long as the dislodging force

exerted by the fluid is less than the force retaining

the particle, the particle will remain attached to

the medium. However,when such a filter has been

onstream for a length of time and has collected a

certain amount of particulate matter, a sudden

increase in flow and/or pressure can overcome

these retentive forces and cause the release down-

C. Filter Aids

The ease with which fine size particles can be

removed from a liquid stream can also be increased

by the addition to the suspension of small amounts

of filter aids. This is known as a “body feed” or

“body aid,” and should not be confused with pre-

coat filtration where filter aid is first deposited

on a filter and the suspension then caused to flow

through. As in the case with flocculation, the pur-

pose of the filter aid is to achieve the desired cake

permeability.

Perhaps the most commonly used filter aid is

diatomaceous earth, which consists of the sedi-

mentary deposits of fossilized diatoms. The diatom

skeletons have a wide variety of shapes, and it is

this property which enables them to produce fil-

ter cakes of high permeability. Other filter aids

include perlite (an igneous rock formed by the

quenching of molten volcanic lava in water), car-

bon, and cellulose.

Filter aid filtration is not common in fluid clarifi-

cation but,when used, is often found upstream of

cartridge filtration. Cartridge filters are used as

“trap”filters downstream of precoat filters to cap-

ture any filter aid which may “bleed” past the fil-

ter medium.
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stream of some of the particles. This unloading

will frequently occur after the filter has been in

use for some time and can give the false impression

of long service life for the filter.

Furthermore, most non-fixed random pore depth

type filters are subject to media migration. This

means that parts of the filter medium become

detached and continue to pass downstream cont-

aminating the effluent (fluid that has passed through

the filter). Media migration is also sometimes incor-

rectly taken to include release of “built-in” conta-

mination – for example, dust and fibers picked up

by the filter during its manufacture.

2.  Fixed Random Pore Depth Type Media

Fixed random pore depth type filters consist of

either layers of medium or a single layer of medi-

um having depth,depend heavily on the mechanism

of direct interception to do their job,and are so con-

structed that the structural portions of the medium

cannot distort and that the flow path through the

medium is tortuous. It is true that such filters retain

some particles by adsorption as a result of inertial

impaction and diffusional interception. It is also true

that they contain pores larger than their removal

rating. However, pore size is controlled in manu-

facture so that quantitative removal of particles

larger than a given size can be assured. Moreover,

by providing a medium with sufficient thickness,

release of particles collected that are smaller than

the removal rating can be minimized, even under

impulse conditions.

3.  Surface Type Media

In the strict definition of the term, a surface or

screen filter is one in which all pores rest on a sin-

gle plane, which therefore depends largely upon

direct interception to separate particles from a

fluid. Only a few filters on the market today (for

example; woven wire mesh, woven cloth, and a

membrane filter manufactured by Whatman

Nuclepore) qualify as surface filters.

Naturally,a surface or screen filter will stop all par-

ticles larger than the largest pore (provided, of

course, the structure of the medium is an integral

one). While particles smaller than the largest pore

may be stopped because of factors previously dis-

cussed (bridging, etc.), there is no guarantee that

such particles will not pass downstream. Woven

wire mesh filters are currently available with open-

ings down to 8 micrometers.

4.  Summary of Filter Types

Upon reviewing the above information, it should

become apparent that classifying filters as depth or

surface is meaningless. Nearly all filters exhibit

“depth”when viewed under a microscope.

A more meaningful classification of filters is as

follows:

• Non-fixed random pore depth type with pores

whose dimensions increase at high pressure

(“wound,” low density felted).

• Fixed random pore depth type with pores which

do not increase in size at high pressures (most

membrane filters,including Pall’s Nylon 66 and

Ultipor® membranes, Pall HDC® II polypropy-

lene, Ultipor glass fiber, and Epocel® epoxy

impregnated cellulose filters).

• Screen Type (woven cloth or screens).

The fixed random pore depth type filter is superi-

or for most purposes when compared with the

screen type. It combines high dirt capacity per

unit area with both absolute removal of particles

larger than a given size and minimum release of col-

lected particles smaller than this rated size under

impulse conditions.

Non-fixed random pore depth type filters have no

absolute ratings, are subject to media migration,

and unload particles very badly on impulse.

Comparison of dirt capacity between fixed pore and

non-fixed pore depth types is meaningless because

the nominal removal ratings of non-fixed pore depth

type filters bear little relationship to their behavior

in service.
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Removal Ratings  

If it matters little whether a filter is surface type or

depth type, how should one judge filters?  Only

two questions should concern the filter user. Is the

filter subject to unloading, channeling, or media

migration?  If so, then for most applications it’s

probably unwise to use the filter. If not, then look

to the second question: Can the manufacturer guar-

antee that the filter will reliably remove all particles

that should be removed from the fluid in question,

and is the filter safe to use?

Various rating systems have been evolved to

describe the filtration capabilities of filter ele-

ments. Unfortunately, there is at the moment no

generally accepted rating system and this tends

to confuse the filter user. Several of the systems

now in use are described below.

1.  Nominal Rating

Many filter manufacturers rely on a Nominal Filter

Rating which has been defined thusly by the

National Fluid Power Association (NFPA): “An arbi-

trary micron value assigned by the filter manu-

facturer,based upon removal of some percentage

of all particles of a given size or larger. It is rarely

well defined and not reproducible.” In practice,

a “contaminant”4 is introduced upstream of the fil-

ter element and subsequently the effluent flow

(flow downstream of the filter) is analyzed micro-

scopically. A given Nominal Rating of a filter means

that 98% by weight of the contaminant above the

specified size has been removed;2% by weight of

the contaminant has passed downstream. Note

that this is a gravimetric test rather than a parti-

cle count test. Counting particles upstream and

downstream is a more meaningful way to measure

filter effectiveness.

The various tests used to give non-fixed random

pore depth type filters a Nominal Rating yield

results that are nebulous if not misleading. Typical

problems are as follows:

A. The 98% contaminant removal by weight is

determined by using a specific contaminant

at a given concentration and flow. If any one

of the test conditions are changed, the test

results could be altered significantly.

B. The 2% of the contaminant passing through

the filter is not defined by the test. It is not

uncommon for a filter with a Nominal Rating

of 10 µm to pass particles downstream rang-

ing in size from 30 to over 100 microns.

C. Test data are often not reproducible, particu-

larly among different testing laboratories.

D. Some manufacturers do not base their

Nominal Rating on 98% contamination

removal by weight but instead on a contam-

ination removal efficiency of 95%, 90%, or

even lower. Thus, it often happens that a Pall

filter with an Absolute Rating of 10 µm is actu-

ally finer than a competitive filter with a

Nominal Rating of 5 µm. Always check the cri-

teria upon which a competitor’s Nominal

Rating is based.

E. The very high upstream contaminant con-

centrations used for such tests are not typical

of normal system conditions and produce

misleading high efficiency values. It is com-

mon for a wire mesh filter medium with a

mean (average) pore size of 17 µm to pass a

10 µm nominal specification. However, at

normal system contamination concentrations,

this same filter medium will pass almost all

10 µm size particles.

One cannot, therefore, assume that a filter with a

Nominal Rating of 10 µm will retain all or most par-

ticles 10 µm or larger. Yet some filter manufacturers

continue to use only a Nominal Rating both

because it makes their filters seem finer than they

actually are, and because it is impossible to place

an Absolute Rating on a non-fixed random pore

depth type filter. Figure 7 compares a 1 µm nom-

inal rated wound type cartridge to a Pall 30 µm

absolute rated cartridge. The graph shows that the

effluent stream from the 1 µm nominal cartridge

contains particles up to 50 µm in diameter while
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the effluent stream from the 30 µm absolute rated

cartridge contains no particles larger than 30 µm.

2.  Absolute Rating

The NFPA defines Absolute Rating as follows: “The

diameter of the largest hard spherical particle that

will pass through a filter under specified test con-

ditions. It is an indication of the largest opening

in the filter element.” Such a rating can be assigned

only to an integrally bonded medium (such as

Pall’s fixed pore depth media or sintered metal

media).

The original test and term for the Absolute

Filtration Rating was proposed by Dr.Pall, founder

of Pall Corporation, in the mid-1950s. It was con-

sidered by the Filter Panel of SAE Committee A-6

and with minor changes subsequently adopted.

One point that confuses users of absolute rated fil-

ters is that when measuring downstream conta-

mination, contaminants larger than the pore size

indicated by the Absolute Rating are invariably

found. At first glance, this would seem to cast

doubt on the very concept of an “absolute”rating.

However,one must realize that it is impossible to

take effluent samples, transfer them, run the test,

or wash out a newly manufactured filter without

adding a quantity of contaminants. Even a new fil-

ter is contaminated when it is removed from its

packing!  All of this is called “background conta-

minant” and before running any test an experi-

enced laboratory will have determined the amount

of such contamination in its test setup. A test will

be invalidated if the background contamination

count is above established limits.

There are several recognized tests for establishing

the Absolute Rating of a filter. What test is used

will depend on the manufacturer, on the type of

medium to be tested, or sometimes on the pro-

cessing industry. In all cases the filters have been

rated by a “challenge”system. A filter is challenged

by pumping through it a suspension of a readily

recognized contaminant (e.g., glass beads or a

bacterial suspension), and both the influent and

effluent examined for the presence of the test

contaminant.

Such challenge tests are destructive tests – i.e., the

challenged filter cannot be used thereafter in actu-

al service. Consequently, integrity tests for for fil-

ters have been established which are

non-destructive and correlate with the destruc-

tive qualification challenge test. In other words,

if the test filter was successfully integrity tested

by the non-destructive test, that would mean it

would pass the destructive challenge test.

However, after passing the integrity test, the filter

element can be placed in service and will pro-

vide the user with the results claimed by the fil-

ter manufacturer.

Figure 7
Comparison of
Filter Cartridge
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3.  Glass Bead Challenge Test

One method of establishing the Absolute Rating

of a filter is the Glass Bead Challenge Test as depict-

ed in Figure 8. A suspension of glass beads (all lying

within a specific size range) is passed through a fil-

ter and collected downstream on an analysis mem-

brane. Glass beads are used because their spherical

shape makes them easy to differentiate from back-

ground contamination that may be generated dur-

ing the test. Those glass beads which pass the

filter are then examined under a microscope to

determine the largest spherical glass bead passed.

This will establish the filter’s Absolute Rating.

4.  Beta (β) Rating System

While absolute ratings are clearly more useful

than nominal ratings, a more recent system for

expressing filtration rating is the assignment of

Beta ratio values. Beta ratios are determined using

the Oklahoma State University, “OSU F-2 Filter

Performance Test.” The test, originally developed

for use on hydraulic and lubricating oil filters,has

been adapted by Pall Corporation for rapid semi-

automated testing of filters for service with aque-

ous liquids, oils, or other fluids.

The Beta rating system is simple in concept and

can be used to measure and predict the perfor-

mance of a wide variety of filter cartridges under

specified test conditions.

The basis of the rating system is the concept of

titer reduction. If you measure the total particle

counts at several different particle sizes, in both

the influent stream and effluent stream, a profile

of removal efficiency emerges for any given filter.

Figure 9 shows a single pass Beta test apparatus.

The Beta value is defined as:

β = Number of particles of a given size

and larger in the influent

Number of particles of a given size

and larger in the effluent

Percent removal efficiency at a given particle size

can be obtained directly from the β value and can

be calculated as follows:

% Removal Efficiency = β -1 x 100

β

The relationship between β values and percent

removal efficiency is illustrated below.

β % Removal

1 0

2 50

10 90

100 99

1000 99.9

5000 99.98

10000 99.99

100000 99.999

Usually a β = 5,000 can be used as an operational

definition of an absolute rating.

The β values allow the comparison of removal

efficiencies at different particle sizes for different

cartridges in a meaningful manner. Figure 10 illus-

trates typical Beta curves for three different car-

tridges. Beta curves are part of all Pall published

literature.

Figure 9
Schematic
Representation of
Single Pass Beta
(β) Test Apparatus
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Choosing the Proper Filter

Among the more important factors that must be

taken into consideration when choosing a filter for

a particular application are the size, shape, and

hardness of the particles to be removed, the quan-

tity of those particles, the nature and volume of

fluid to be filtered, the rate at which the fluid

flows,whether flow is steady,variable and/or inter-

mittent,system pressure and whether that pressure

is steady or variable, available differential pres-

sure, compatibility of the medium with the fluid,

fluid temperature, properties of the fluid, space

available for particle collection, and the degree

of filtration required. Let us now examine how

some of these factors affect filter selection.

1.  Nature of Fluid

The materials from which the medium, the car-

tridge hardware,and the housing are constructed

must be compatible with the fluid being filtered.

Fluids can corrode the metal core of a filter car-

tridge or a pressure vessel, and the corrosion will

in turn contaminate the fluid being filtered. Thus

it is essential to determine whether a fluid is acid,

alkali, aqueous, oil or solvent based, etc.

2.  Flow Rate

Flow rate (the units of measure of flow rate are

given as volume per unit time – e.g., ml/min., or

liters/hr., or gallons/min.) is dependent on two

general parameters, pressure [P] and resistance

[R]. Flow rate depends directly on pressure and

inversely on resistance. Thus, for a constant [R],

the greater the pressure, the greater the flow. For

a constant [P], the lower the resistance, the greater

the flow.

Pressure can come from any number of sources

and is usually expressed as pounds per square

inch (psi). All other factors being equal, if the

pressure on a fluid is increased, then the flow

rate of that fluid will increase.

Viscosity is the resistance of a fluid to the motion

of its molecules among themselves; in other words,

a measure of the thickness or flowability of a

fluid. Water, ether, and alcohol have low viscosi-

ties; heavy oils and syrup have high viscosities.

Viscosity affects resistance directly. If all other

conditions remain constant, doubling the viscos-

ity in a filter system gives twice the original resis-

tance to flow. Consequently,as viscosity increases,

the pressure required to maintain the same flow

rate increases. Centipoise is the unit of measure-

ment comparing the viscosity of a fluid with that

of water which has a viscosity of 1 centipoise at

70°F/21°C.

3.  Temperature

The temperature at which filtration will occur

can affect both the viscosity of the fluid, the cor-

rosion rate of the housing,and filter medium com-

patibility. Viscous fluids generally become less

viscous as temperature increases. If a fluid is too

viscous, it may be advisable to preheat the fluid

and to install heater bands in the filter. Thus, it is

important to determine the viscosity of a fluid at

the temperature at which filtration will occur.

High temperature also tends to accelerate corro-

sion and to weaken the gaskets and seals of filter

housings. Very often disposable filter media cannot

withstand high temperatures, particularly for pro-

longed periods of time. It is for this reason that one

must often choose porous metal cleanable filters.

4.  Pressure Drop

Everything a fluid passes through or by contributes

resistance to the flow of that fluid in an additive

fashion. The pressure losses due to flow of the

fluid through the tubing, piping, etc., couples

with the pressure loss through the filter to pro-

duce resistance.

Resistance to flow through a clean filter will be

caused by the filter housing, cartridge hardware,

and the filter medium. For a fluid of given viscosity,

the smaller the diameter of the pores or passages

in the medium, the greater the resistance to flow.
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When a fluid meets resistance in the form of a fil-

ter, the result is a drop in pressure downstream of

that filter, and the measurement of the pressure

drop across the filter is called the differential pres-

sure or ∆P. Thus, for all practical purposes the

terms pressure drop,differential pressure,and ∆P

are synonymous.

The more resistance a filter medium offers to fluid

flow, the greater the differential pressure at con-

stant flow. Since flow is always in the direction

of the lower pressure, the differential pressure

will cause fluid to flow. Thus, it is differential

pressure that moves the fluid through the filter

assembly and overcomes resistance to flow.

In the preceding discussion it was tacitly assumed

that the fluid was completely free of particulate

contamination. But in reality there will always be

some particles present in a system. As the filter

does its job, particles will be stopped by and par-

tially occlude or block the pores or holes of the

filter medium, thereby increasing resistance to

flow and ∆P.

In choosing a filter, therefore,one must provide for

sufficient pressure source not only to overcome the

resistance of the filter, but also to permit flow to

continue at an acceptable rate as the medium plugs

so as to use fully the effective dirt holding capaci-

ty of the filter. If the ratio of initial clean pressure

drop through the filter to total available pressure

is disproportionally high, unacceptable flow will

quickly result even though the medium’s capaci-

ty for collecting dirt has not been exhausted.

When this occurs, the proper solution is usually

to increase pump capacity or gravity head or, as

an alternative, to reduce clean pressure drop by

increasing filter size.

Filter cartridges exhibit an exponentially increas-

ing pressure drop vs.dirt capacity curve as shown

in Figure 11. Usually, the capacity of the filter is

mostly consumed before the sharp increase in

pressure drop. Consequently, the available sys-

tem pressure source should be at least sufficient

to overcome the pressure drop (∆P) at the knee

of the curve so as to utilize most of the dirt hold-

ing capacity of the filter medium.

Maximum allowable cartridge pressure drop is

the limit beyond which the filter might fail struc-

turally should additional system pressure be applied

to maintain adequate flow. This limit is always

specified by the filter manufacturer.

In choosing a pressure source,one must take into

consideration the resistance to flow of the filter

– both constant resistance components (filter

housing and element hardware), and the variable

resistance components (filter cake and medium).

As filtration proceeds at constant flow, there will

be an increase in pressure drop made up of a con-

stant component and an increasing variable com-

ponent. Eventually, the increasing pressure drop

component becomes so large as to either clog

the filter and stop flow or to structurally damage

the filter. Enough pressure drop should be avail-

able to satisfy both components at least to filter

clogging.

If a pressure head exists downstream,as for exam-

ple in an elevated receiver, this must be overcome

without limiting the available pressure drop for the

filter. In such cases a check valve should be

installed downstream of the filter to prevent

reverse pressure from damaging the cartridge.

As noted above, the pressure drop across the fil-

ter assembly can be reduced by increasing the

size of the assembly. This is usually an economi-

Figure 11
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cal approach for continuous processing since the

increase in total throughput is often more than lin-

ear with respect to the cost of the larger number

of filter cartridges in the larger assembly (see below).

5.  Surface Area

It should be clear from the above discussion of

pressure drop that the useful life of a filter relates

to its dirt capacity, defined in the NFPA glossary

as  “The weight of a specified artificial contaminant

which must be added to the influent to produce

a given differential pressure across a filter at spec-

ified conditions.” While dirt capacity can be mea-

sured using any consistently reproducible

contaminant,ACFTD is most often employed for

this purpose.5

The life of most screen and fixed pore depth type

filters is greatly increased as their surface areas are

increased; in fact, the ratio can be as much as the

square of the area ratio!  To understand why this

is so, let us look at two filters of identical medi-

um (thus subject to the same pressure drop limit)

which pass the same fluid at the same flow rate.

The first filter has a surface area of 5 sq. ft.and col-

lects a filter cake .005″ thick (128 µm) in a 24-hour

period. After 24 hours most of the pores are

plugged; the pressure drop is 75 psi; and the use-

ful life of the filter has been exhausted.

Let us then increase the surface area of the filter

to 30 sq. ft. and calculate life. If a filter with a sur-

face area of 5 sq. ft. collects a filter cake of .005″
in 24 hours, then at the same flow rate a filter of

30 sq. ft. will collect that same filter cake in x

hours. Thus:

5 = 30

24    x

5x = 30 x 24

5x = 720

x = 144

While the 30 sq. ft. filter has collected a filter cake

of .005″ in 144 hours, its useful life will not be

exhausted because the pressure drop will not

have reached 75 psi (there are 6 times as many

pores to plug: 30/5 = 6). Indeed, since flow rate

per sq. ft. of filter area is in the ratio of 5/30, the

pressure drop across the 30 sq.ft. filter will be 5/30

x 75 psi or 12.5 psi. If the 30 sq. ft. filter has a pres-

sure drop of 12.5 psi in 144 hours, then it will have

a pressure drop of 75 psi in x hours.

Thus:

12.5 = 75

144 x

12.5x = 75 x 144

12.5x = 10,800

x = 864 hours

The life of the 30 sq. ft. filter is therefore 36 times

that of the 5 sq. ft. filter (864/24). If one calculates

the square of the area ratio (30/5)2 the answer is 36!6

The benefit of opting for a filter assembly with a

large surface area can be expressed as follows:

Let T = Throughput (gallons) for a filter with area,

A, (sq. ft.)

Then T1 = T2 (A1)n

A2

where n is equal to or greater than 1 and less

than or equal to 2.

This relationship is expressed graphically in Figure

12. The curve shows that as the flow density (gal-

lons per minute per square foot) decreases, the

total throughput increases. If one assumes a con-

Flow Density (J)
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Figure 12 Filter Life vs. Flow Density
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stant flow rate (gallons per minute), then the ratio

of the flow densities simplifies to the ratio of the

areas raised to the nth power which is exactly

the relationship previously discussed.

The life extension factor (n) will approach two pro-

vided that:

• The filter cake is not compressible. If the fil-

ter cake is compressible, n will tend to be

nearer to one.

• The collected cake does not become a finer

filter than the medium itself (i.e.,collect finer

solids as it builds up). To the extent that the

filter cake acts as a finer filter than the medi-

um itself, n will tend to approach one.

• The solids collected are relatively uniform in

particle diameter.

From the foregoing it is apparent that an increase

in surface area will yield at least a proportional

increase in service life. Under favorable circum-

stances, the ratio of service life may approach the

square of the area ratio. In many, if not most cases,

a filter user will save money in the long run by pay-

ing the higher initial cost of a larger filter assembly!

For example,let’s assume an arbitrary cartridge cost

of $1.00/square foot of effective cartridge surface

area. Then, from the previous example, a 5 sq. ft.

filter costs $5.00 while a 30 sq. ft. filter costs

$30.00. Further, as calculated, the 5 sq. ft. car-

tridge lasts 24 hours while the 30 sq. ft. cartridge

has a useful life of 864 hours. Therefore, the for-

mer requires 36 changeouts (864/24) as compared

to the latter. In terms of costs, the filter user will

be outlaying $180.00 (36 x $5.00) in cartridge

costs as opposed to $30.00 for the 30 sq. ft. car-

tridge. This cost differential is exacerbated if one

includes labor as well as other costs such as lost

production time.

As the surface area is increased, a larger housing

(container or pressure vessel) is required. There

is, of course, a practical limit to housing size.

It is for this reason that Pall Corporation uses con-

voluted or pleated structures to provide large sur-

face areas in small envelopes, thereby keeping

housing size and cost to a minimum. Figure 13 is a

schematic representation of a pleated structure car-

tridge design. The figure shows that for identical

envelope dimensions (2-3/4″ x 10″), the pleated

design provides for over 13 times the surface area.

6.  Void Volume

Void volume,7 or the open area of a medium, is

always of great importance. All other factors being

equal, the medium with the greatest void volume

is most desirable because it will yield longest life

and lowest initial clean pressure drop per unit

thickness. Figure 14 illustrates the relationship

between void volume and fiber diameter. As the

fiber diameter decreases, the void volume increas-

es, assuming constant pore size. Other factors,

Figure 13
Schematic
Representation of
Pleated Structure
Cartridge Design
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        Filter Medium
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Figure 14
Void Volume vs.
Fiber Diameter at
Constant Pore Size
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however,such as strength,compressibility as pres-

sure is applied (which reduces void volume),com-

patibility of the medium with the fluid being

filtered,cost of medium,cost of constructing that

medium into a useable filter, etc.,must all be con-

sidered when designing a filter for a particular

application.

7.  Degree of Filtration

Naturally, the filter chosen for a given application

must be able to remove contamination from the

fluid stream to the degree required by the process

involved. Once the size of the contaminants to be

removed has been determined, it is possible to

choose a filter with the particle removal charac-

teristics needed to do the job. Choosing a filter

with a pore size finer than required can be a cost-

ly mistake. Remember, the finer the filtration, the

more rapid the clogging and the higher the cost!

Remember also that the filter selected must be able

to retain particles removed from the subject fluid.

As noted above, depth type filters of the type

whose pores can increase in size as pressure is

increased are subject to unloading. With surface

type filters, or fixed random pore depth type fil-

ters,one selects a medium which will not change

its structure under system-produced stress. For

example, as system pressure rises to accommo-

date flow as filter cake builds, strands of woven

wire mesh must not separate to produce a larger

pore. Nor should the mesh rupture under the

pressures possible in the system in question.

When it is necessary to support thin, membrane-

type filters, attention must be given to the char-

acteristics of the support material chosen. Support

materials can react with the fluid, add significant

resistance to flow, and cause poorer life.

8.  Prefiltration

The purpose of a prefilter is to reduce overall

operating cost by extending the life of the final fil-

ter. Extending final filter life may not in itself be 

sufficient to justify prefiltration;overall cost reduc-

tion is usually the principal consideration.

During 50 years experience with requests for pre-

filtration, it has been Pall’s experience that most

applications are better served by increasing final

filter area rather than by providing a prefilter. This

is because (as was shown in the previous section)

increasing final filter area always yields a longer

cycle and lower operating costs. Doubling the

area of the final filter will result in two to four times

the life. Since one-half to two-fold life increase due

to prefiltration is typical, and four times very

unusual, it may be seen that increasing the filter

area usually yields better results. This approach also

results in lower costs,requires less labor input,and

permits operation with less power at lower pres-

sure drop. Cost is less because one housing is

used instead of two, and cost is further reduced

because the larger filter installation has life in ser-

vice which is proportionally larger than the

increase in area. Clean pressure drop is reduced

because of larger area, whereas a prefilter always

increases pressure drop. Power required is reduced

because pressure drop through most of the fil-

tration cycle is lower.

In addition,increased final filter area always increas-

es life at least in proportion, and often exponen-

tially, while prefiltration often involves much cut

and try experimentation,which is not always suc-

cessful in the end. Even when the prefilter tests

are successful, that success can be lost because the

nature of the contaminants to be filtered changes

with time.

Staged prefiltration,in which coarser but equal area

absolute rated filters are arbitrarily selected to

precede the final filter can also work – but in fact

does so only rarely. This is not a recommended

approach. However, if for some reason a final fil-

ter area increase is not feasible, the various Pall car-

tridges designated as prefilters can be tried using

the grade of prefilter recommended by our liter-

ature.
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Summary 

Don’t fall into the trap of always assuming that a

final filter should always be preceded by a prefilter

with an equal number of cartridges. Using a larg-

er number of cartridges in a prefilter often results

in substantially lower overall costs. For example,

if the mode of operation is such that the prefilters

are left onstream until clogged, then using two

cartridges instead of one will increase life by more

than two times,and possibly four to five times; this

then results in lower operating cost, since more

fluid is processed per cartridge.

This paper discussed the principles of filtration.

The three capture mechanisms by which sus-

pended solids are separated from fluids were

examined and the conclusion reached that direct

interception is the desired mechanism for sepa-

rating particles from liquids, while inertial

impaction and diffusional interception are more

effective in gas filtration. In order to enhance the

filter’s separation effectiveness, it is possible to

manipulate the particle/liquid/filter media system.

Three such techniques were described. Because

of the confusion over filter media classification,the

paper compared and contrasted non-fixed ran-

dom pore depth type media, fixed random pore

depth type,and surface type media and explained

why these classifications are more meaningful

than simply a depth or surface classification. After

characterizing the various types of filters that exist

in the field today, it is necessary to examine their

removal efficiencies. Three removal rating sys-

tems were analyzed including nominal rating,

absolute rating, and Beta ratings. The paper con-

cludes by considering the most important factors

that a filter user must take into account when

making a filter selection.
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Footnotes

1 permeable medium – a material containing inter-

connected holes or pores,the presence of which

permits passage of fluids.

2 except Whatman Nuclepore, which consist of

straight through irregular and circular holes.

3 Filter Zeta Potential – a measurement of the elec-

trical potential difference between a filter surface

and the contacting liquid.

4 Standardized test dusts are classified from natural

Arizona dust and are generally referred to as A.C.

Fine and A.C. Coarse Test Dusts. A.C. Fine Test

Dust (ACFTD) is commonly used to establish

the Nominal Rating of filters less than 50 µm. For

coarse filters (i.e., those greater than 50 µm)

A.C. Coarse Test Dust is used.

5 Laboratory dirt capacity tests using ACFTD,or any

other test contaminant, very often do not cor-

relate with actual operating conditions in the

field,and at best offer a rough guide to anticipated

filter life. Also, dirt capacity tests between dif-

ferent types of media (e.g., wound or pleated

paper) are not meaningful as they do not cor-

relate to comparative actual field test results.

No laboratory dirt capacity test now in use, or

proposed for use, provides a meaningful index

of filter life in service because life in service

varies enormously depending on the nature of

the actual contaminant, its state of suspension in

the liquid, its size distribution, etc. Results also

vary greatly depending on the viscosity and flow

rate of the liquid. Meaningful data is obtained

only from in-system tests.

6 The total pressure drop through a cartridge fil-

ter assembly is the sum of the pressure drops of

the housing,the medium and the filter core. For

simplification, this example does not take into

account pressure drops through the housing or

the filter core (the constant resistance compo-

nents), and deals only with the variable resis-

tance components. The proportion of the total

pressure drop due to the constant resistance

components will decrease as the size of the unit

is increased, but this is a minor consideration.

7 Void volume is often confused with the term

“porosity.” Since porosity has been used in the

industry to mean both percentage void volume

and also pore size, we avoid use of the term.
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