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(57) ABSTRACT 

A method for determining pore structure characteristics of a 

?ltration cartridge includes the steps of placing a porometry 
test location isolating device in sealing contact With the 

?ltration cartridge at a desired test location, increasing the 
porometer test gas pressure until the test gas ?oWs through 

the cartridge at the test location, measuring the How rate of 
the test gas through the test location as a function of 

diiTerential pressure, reducing the test gas pressure to atmo 

spheric pressure, Wetting the test location With a Wetting 
liquid, increasing the test gas pressure again until the test gas 
?oWs through the cartridge at the test location, measuring 
diiTerential gas pressure and gas ?oW rates through the test 

location, and converting the measured gas ?oW rates and 
diiTerential pressures into through pore throat diameters, 
largest through pore throat diameter, mean How through pore 
throat diameter, pore distribution, and gas permeability of 
the cartridge. 
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DETERMINATION OF PORE STRUCTURE 

CHARACTERISTICS OF FILTRATION 

CARTRIDGES AS A FUNCTION OF 

CARTRIDGE LENGTH 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The invention pertains to the ?eld of ?oW porom 

etry. More particularly, the invention pertains to a method 

and apparatus for the use of ?oW porometry to determine the 

pore structure characteristics of ?ltration cartridges as a 

function of the cartridge length. 
[0003] 2. Description of Related Art 
[0004] Filtration cartridges are Workhorses of modern 
industry. Filtration cartridges essentially are used for the 
separation of suspended solids from liquids and/or gases. 
Numerous applications of ?ltration cartridges are found in a 

Wide range of industries, including biotechnology, chemical, 
pharmaceutical, food and drink, medical, electronic, auto 
mobile, and the construction industries. A Wide variety of 

tasks are performed by ?ltration cartridges, such as, for 
example, ?ltration of bacteria, pollen and cells from bodily 
?uids, puri?cation of chemicals, detoxi?cation of Waste 
Water, removal of heavy ions from Water for use in the 

electronic industry, puri?cation of pharmaceutical products, 
removal of pathogens and solids from soft drinks, and 
removal of excess Water from slurries. 

[0005] The performance of the ?ltration media and the 
ability to separate solids from ?uids are determined by the 
pore structure characteristics of the ?ltration media. Rel 

evant pore structure characteristics of ?ltration media 

include, for example, through pore throat diameters, the 
largest through pore throat diameter, mean ?oW through pore 
throat diameter, pore distribution, and ?uid permeability. 
[0006] For purposes of product development and/or qual 
ity control, for example, it is often desirable to measure such 
pore structure characteristics of ?ltration cartridges. Such 

pore structure characteristics of ?ltration media generally 

can be accurately measured in a ?oW porometer, such as the 

Capillary FloW Porometer of Porous Materials, Inc. (See 
Akshaya Jena and Krishna Gupta, Characterization of Pore 
Structure of Filtration Media, Fluid/Particle Separation 
Journal, Vol. 14, No. 3, 2002, pp. 227-241, and Akshaya 
Jena and Krishna Gupta, Liquid Extrusion Techniques for 
Pore Structure Evaluation of Nonwovens, lntemational Non 

Wovens Journal, Vol. 12, No. 3. 2003, pp. 45-53, the 
complete disclosures of Which are hereby incorporated 

herein by reference in their entireties). Porous Materials, Inc. 
is a pioneer in the ?eld of ?oW porometry and has obtained 

several patents in the ?eld, including US. Pat. No. 6,766, 
257, Which describes PMI Capillary FloW Porometry, and 
US. Pat. No. 6,684,685, the complete disclosures of Which 
are hereby incorporated herein by reference in their entire 
ties. 

[0007] US. Pat. No. 6,684,685 discloses a liquid extrusion 
porosimeter and method for evaluating porosity character 
istics (speci?cally, pore volume, pore distribution and liquid 
permeability) of porous materials, such as ?ltration media. 

The porosimeter includes a ?uid reservoir located beloW the 

sample, and a penetrometer comprising a vessel that catches 

any ?uid displaced from the reservoir of ?uid, Wherein a 

level of ?uid rises in the penetrometer When additional ?uid 

enters the penetrometer. The sample is preferably Wetted, 
With the same type of ?uid that is in the reservoir, prior to 
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placing the sample on the porosimeter. The porosimeter 
preferably also includes a membrane located betWeen the 

sample and the reservoir of ?uid. The membrane has pores 

With a siZe smaller than any of the sample pores. Pore 

volume of the sample is determined by measuring the 
change in ?uid level in the penetrometer after pressure, 

Which is above the bubble point pressure of the sample but 

beloW the bubble point pressure of the membrane, is applied 
to the sample. Permeability is measured by measuring rate 
of ?oW While the liquid level is above the sample. 

[0008] The PMI Capillary FloW Porometer is a completely 

automated instrument. It measures pressures of the test gas 

accurately. It increases pressure in small increments, alloWs 
the system to equilibrate, and then records the increase in 

pressure. The ?oW rate through the sample is also measured 
accurately. Pressures can be raised to high values or reduced 

from high values to very loW values. The porometer delivers 

the compressed gas through a tube to the sample chamber, 
Which can be designed to hold samples of various siZes and 

shapes. 
[0009] The technique of ?oW porometry is based on the 

simple principle that a Wetting liquid spontaneously ?lls the 
pores of ?ltration media. For the Wetting liquid, the surface 
free energy of the ?ltration media With the liquid is less than 

the surface free energy of the ?ltration media With air. 

Therefore, ?lling of the pores by the Wetting liquid is 
accompanied by a decrease in free energy and the ?lling 
process is spontaneous. The Wetting liquid cannot sponta 
neously ?oW out of the pores, hoWever, it can be removed 

from the pores by a pressurized non-reacting gas. 

[0010] The gas pressure needed to displace a Wetting 

liquid from a pore is related to the pore diameter, as folloWs: 

p:4y cos 0/D (I) 

Where, p is the differential gas pressure on the Wetting liquid 
in the pore, y is the surface tension of the Wetting liquid, 0 

is the contact angle of the Wetting liquid With the ?ltration 
media, and D is the pore diameter. The test involves mea 

surement of gas ?oW rates through a dry sample as a 

function of differential pressure. The differential pressure is 

reduced to Zero, the sample is Wetted With a Wetting liquid, 

and gas ?oW rates through the Wet sample are measured as 

a function of differential pressure. FIG. 1 shoWs a schematic 

plot of gas ?oW rates through a sample in dry and Wet 

conditions, and FIG. 2 shoWs a graph of pore siZe distribu 

tion. 

[0011] The Wet curve generated by the Wet sample shoWs 
no gas ?oW With increase in differential pressure at the 

beginning of the test, because all of the pores are ?lled With 

the Wetting liquid. The ?rst pore to be emptied at the loWest 

pressure is the largest pore (see Equation 1 above). The 
differential pressure that initiates gas ?oW through a Wet 

sample yields the largest through pore diameter (FIG. 1). 

[0012] The diameter of a pore can change along the pore 

path. The differential gas pressure that is su?icient to dis 

place liquid from the pore throat can completely empty the 

pore and initiate gas ?oW. Therefore, the pore diameter 
computed from the measured differential pressure yields the 
through pore throat diameter. The measured largest pore 
diameter is the largest through pore throat diameter. The dry 
curve is produced by the dry sample. The half-dry curve 
represents computed data that yield half of the gas ?oW rate 
through the dry sample at a given differential pressure. The 
differential pressure at Which the Wet curve and the half-dry 
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curve have the same ?oW rates yields the mean ?oW through 

pore throat diameter. The mean ?oW pore diameter is such 

that half of the ?oW is through pores smaller than the mean 

?oW pore and the rest of the ?oW is through pores larger than 

the mean ?oW pore. The ratio of ?oW rates through the Wet 

sample and the dry sample also yields ?oW distribution over 

pore diameter (FIGS. 1 and 2). This distribution has been 
shoWn to be close to pore fraction distribution (See A. K. 

Jena and K. M. Gupta, Pore Size Distribution in Porous 

Materials, Proceedings of International Conference Filtra 
tion 99, November 3-4, Chicago, INDA, 1999). Gas perme 
ability is computed from measured gas ?oW rates through 
the dry sample using Darcy’s laW (See P. C. Carman, Flow 
of Gases through Porous Media, Academic Press, 1956). 

[0013] Characteristics of ?ltration media that can be mea 

sured accurately by ?oW porometry include, for example, 
the constricted pore diameter, the largest pore diameter, the 

mean ?oW pore diameter, pore distribution, gas permeabil 
ity, liquid permeability, envelope surface area and effects of 

operational variables, such as temperature, pressure, chemi 
cal environment and stress. Demonstrated applications of 

?oW porometry include analysis of pore characteristics in 

the thickness direction, pore characteristics in the x-y plane, 
properties of individual layers of multi-layered products 
determined in-situ Without separating the layers, and evalu 
ation of properties Without cutting samples and damaging 
the products. See, e.g., U.S. Pat. Nos. 6,766,257, 6,789,410, 

6,845,651, and 7,040,141. 

[0014] US. Pat. No. 6,766,257 discloses a method of 
determining the pore structure of the individual layers in a 

multi-layered composite porous material, including the steps 
of providing a sample of a multi-layered porous material, 
sealing the sample in suitable test chamber, ?lling the pores 
of the sample material With a Wetting liquid, such that the 

liquid/ sample surface free energy is less than the gas/ sample 
surface free energy, using a non-reacting gas to apply 

pressure to one side of the sample sealed in the test chamber, 

increasing the gas pressure gradually, so as to displace the 

liquid from the pores, increasing gas ?oW through the 
sample, measuring the pressure at Which liquid ?oWs from 
each successive layer of the sample material, and calculating 
the pore structure using an equation selected from the group 

consisting of p?((dS/dV), D:4y/p, and f:—d[100(Fm/Fd)]/ 
dD. 

[0015] Us. Pat. No. 6,789,410 discloses a porosimeter 
that includes a pressuriZable sample chamber With a mem 

brane located directly beloW the sample. The membrane 
pores have a smaller siZe than any of the sample pores of 

interest. A ?uid reservoir is located beloW the membrane 

such that the reservoir and the membrane form a seal. In 

operation, as ?uid enters the ?uid reservoir through the 

membrane or a reservoir inlet, ?uid already in the ?uid 

reservoir is displaced through a reservoir exit. An inlet in a 

?uid displacement reservoir receives the ?uid displaced 
from the ?uid reservoir. A recirculation line receives ?uid 

from the exit of the ?uid displacement reservoir and circu 
lates the ?uid into the inlet of the ?uid reservoir. In a 

preferred embodiment, a pump recirculates the ?uid through 
the recirculation line. Fluid returned to the reservoir circu 

lates over the bottom of the membrane, and sWeeps air 

bubbles out of the reservoir. 

[0016] Us. Pat. No. 6,845,651 discloses a method and 

apparatus for determining surface area and pore distribution 

of a sample. A pressuriZable sample chamber of knoWn 
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volume holds a sample With unknown porosity characteris 

tics. The sample chamber has a knoWn pressure (or vacuum). 
A ?oW controller preferably controls the ?oW of the pure gas 

to be adsorbed by the sample in the sample chamber. A 

pressure monitor preferably monitors the pressure in the 

sample chamber. Once the pressure approaches a target 

pressure, the ?oW controller is closed. The pressure monitor 

continues to monitor the pressure until it stops changing 
When an equilibrium is attained. The amount of gas intro 

duced into the system through the ?oW controller and the 
volume and ?nal pressure of the sample chamber are used to 

calculate the amount of gas adsorbed. This calculation is 

subsequently used to determine the porosity characteristics 

of the sample. Some of these characteristics include, but are 

not limited to, pore distribution and surface area. 

[0017] Us. Pat. No. 7,040,141 discloses a method and 

apparatus for determining porosity characteristics of a 
sample having a plurality of pores, located Within a pres 

suriZable chamber. The sample divides the chamber into a 

?rst volume and a second volume. A knoWn amount of vapor 

is introduced into the ?rst volume and the second volume at 

the same pressure (PX). After equilibrium is reached, pres 
sure and decrease in volume of vapor are measured. Pore 

diameter and pore volume are calculated. A pressure differ 

ential is created betWeen the tWo volumes, and the pressure 

change is monitored after the pressure differential is intro 

duced. In a preferred embodiment, the pressure is increased 

in the ?rst volume by a small percentage (APX), and the 

pressure change on both sides of the sample is monitored 

after the pressure increase. The ?oW rate of the vapor is 

calculated using the pressure change. These steps are pref 
erably repeated. The pore distribution in the sample is 
preferably calculated from the ?oW rates. 

[0018] Although there are knoWn methods and apparatus 
that are intended to aid in the analysis of pore structure 

characteristics of ?ltration media, one problem With the 
knoWn methods is that they are not Well-suited for analyZing 

the pore structure characteristics of ?ltration cartridges as a 

function of cartridge length. Thus, the knoWn methods do 
not alloW the pore structure of a ?ltration cartridge to be 

determined at a selected location along the length of the 

cartridge, and do not alloW the pore structure of the cartridge 

to be evaluated as a function of cartridge length. 

[0019] Thus, there is a need in the art for a method and 

apparatus for using ?oW porometry to determine the pore 
structure characteristics of ?ltration cartridges as a function 

of cartridge length. 

SUMMARY OF THE INVENTION 

[0020] The present invention provides methods and appa 
ratus for using ?oW porometry to determine the pore struc 

ture characteristics of ?ltration cartridges as a function of 

cartridge length. The apparatus according to the invention 
provides several porometry test location isolating devices 
designed for using a ?oW porometer to determine the pore 

structure characteristics at any location along the length of 

a ?ltration cartridge, including means for directing the ?oW 

of a pressuriZed test gas through a preselected test location 

along the length of the ?ltration cartridge. The test location 
isolating devices easily are operatively connected to a 

porometer to enhance its ability to determine pore structure 

characteristics of a cartridge as a function of its length. 

Various alternative embodiments include test location iso 

lating devices provided as inserts, rings, and sleeves that 
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slidingly engage either the inner or outer surface of the 

?ltration cartridge and direct the test gas through the 

selected test location along the length of the cartridge. 

[0021] Brie?y stated, a method according to the invention 

provides for determining the pore structure characteristics of 

a ?ltration cartridge, including the steps of placing a porom 

etry test location isolating device in sealing contact With the 

?ltration cartridge at a desired test location, increasing the 

porometer test gas pressure until the test gas ?oWs through 

the cartridge at the test location, measuring the ?oW rate of 

the test gas through the test location as a function of 

differential pressure, reducing the test gas pressure to atmo 

spheric pressure, Wetting the test location With a Wetting 

liquid, increasing the test gas pressure again until the test gas 

?oWs through the cartridge at the test location, measuring 

differential gas pressure and gas ?oW rates through the test 

location, and converting the measured gas ?oW rates and 

differential pressures into through pore throat diameters, 

largest through pore throat diameter, mean ?oW through pore 

throat diameter, pore distribution, and gas permeability of 
the cartridge. 

[0022] In the preferred embodiment, the invention pro 
vides a porometry test location isolating device comprising 

an insert adapted to slidingly engage the inner surface of the 

inner cylindrical bore of a ?ltration cartridge. The apparatus 

includes a tubular member having a test gas inlet at its ?rst 

end and a sealed second end, a plurality of radial gas 

channels arranged betWeen the ?rst and second ends of the 

tubular member for directing ?oW of the pressurized test gas 

through the tubular member to the test location of the 

cartridge, and a pair of O-rings seated Within a pair of 

circumferential O-ring grooves arranged betWeen the radial 

gas channels and the ?rst and second ends of the tubular 

member, the O-rings de?ning the test location and con?ning 
?oW of the pressurized test gas through the test location. 

[0023] In an alternative embodiment, the invention pro 

vides a porometry test location isolating device comprising 

an insert adapted to slidingly engage the inner surface of the 

cylindrical bore of a ?ltration cartridge. The apparatus 
includes a tubular member having a test gas inlet at its ?rst 

end and a sealed second end, a plurality of radial gas 

channels arranged betWeen the ?rst and second ends of the 

tubular member for directing ?oW of the pressurized test gas 
through the tubular member to the test location of the 

cartridge, and a pair of gaskets seated Within a pair of 
circumferential gasket grooves arranged betWeen the radial 
gas channels and the ?rst and second ends of the tubular 

member, the gaskets de?ning the test location and con?ning 
?oW of the pressurized test gas through the test location, and 
a pair of ?exible members attached to the ends of the tubular 

member for pulling the insert through a ?ltration cartridge 

having an irregular shape or a bent or deformed cartridge. 

[0024] In yet another alternative embodiment, the inven 
tion provides a porometry test location isolating device 

comprising a ring adapted to slidingly engage an outer 

surface of a cylindrical ?ltration cartridge. The apparatus 

includes a ring member having a groove Within an inner 

surface thereof de?ning a central gas channel connected to 

a test gas inlet, the central gas channel being arranged to 

direct the ?oW of the test gas through the ring member to the 

test location of the cartridge, and a pair of gaskets seated 

Within a pair of gasket grooves arranged on each side of the 
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central gas channel, the gaskets de?ning the test location and 
con?ning ?oW of the pressurized test gas through the test 
location. 

[0025] In still yet another alternative embodiment, the 
invention provides a porometry test location isolating device 

comprising a pair of sleeves adapted to slidingly engage an 
outer surface of a cylindrical ?ltration cartridge. The appa 

ratus includes a pair of tight ?tting rubber sleeves slidingly 
engaged at each end of a ?ltration cartridge, the gap betWeen 

the rubber sleeves de?ning the test location and con?ning 

?oW of the pressurized test gas through the test location, and 

a test gas inlet located at an end of one of the sleeves, and 

a sealed end located at an end of the other of the sleeves, 

With the cartridge being arranged betWeen the sleeves. 

[0026] The invention provides the advantage of enabling 
the analysis of the pore structure characteristics of ?ltration 

cartridges as a function of cartridge length. Thus, the inven 
tion alloWs the pore structure of a ?ltration cartridge to be 

determined by ?oW porometry at any location along the 
length of the cartridge, and alloWs the pore structure char 
acteristics of the cartridge to be evaluated as a function of 

cartridge length. Furthermore, the invention provides means 
for employing a quick scan along the length of a cartridge as 

an aid in identifying the presence of major defects. 

[0027] These and other features and advantages Will 
become readily apparent from the folloWing detailed 
description, Which should be read in conjunction With the 
accompanying draWing ?gures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0028] The draWings are not necessarily to scale, With the 
emphasis instead placed upon the principles of the present 
invention. Additionally, each of the embodiments depicted 
are but one of a number of possible arrangements utilizing 

the fundamental concepts of the present invention. The 
draWings are brie?y described as folloWs. 

[0029] FIG. 1 shoWs a graph depicting various pore struc 
ture characteristics measurable by ?oW porometry. 

[0030] FIG. 2 shoWs a graph depicting pore size distribu 
tion. 

[0031] FIG. 3 shoWs a transverse sectional vieW of a 

typical ?ltration cartridge that can be analyzed by ?oW 
porometry in accordance With the present invention. 

[0032] FIG. 4 shoWs a sectional vieW of a porometry test 

location isolating device, according to an embodiment of the 

present invention, specially adapted to slide inside the 
cylindrical bore of a ?ltration cartridge. 

[0033] FIG. 5 shoWs a porometry test location isolating 

device, according to an alternative embodiment of the 

present invention, specially adapted for being pulled inside 
a ?ltration cartridge. 

[0034] FIG. 6 shoWs a porometry test location isolating 

device, according to another alternative embodiment of the 

present invention, comprising a ring member specially 
adapted for sliding over the outside surface of a ?ltration 

cartridge. 
[0035] FIG. 7 shoWs a porometry test location isolating 

device, according to another alternative embodiment of the 

present invention, comprising a pair of sleeves specially 
adapted for sliding over the outside surface of a ?ltration 

cartridge 
[0036] FIG. 8 shoWs a porometry test location isolating 

device, according to yet another alternative embodiment of 
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the present invention, specially adapted to slide inside the 
cylindrical bore of a ?ltration cartridge. 

[0037] FIG. 9 shows a graph depicting porometry gas ?oW 
rates measured as functions of dilferential pressure through 

a portion of a ?ltration cartridge at the center of its length, 

in accordance With the present invention 

[0038] FIG. 10 shoWs a graph depicting pore distribution 
in the center of the length of the ?ltration cartridge of FIG. 

9, in accordance With the present invention. 

[0039] FIG. 11 shoWs a graph depicting gas ?oW rates 
through the center and the tWo ends of a long ?ltration 

cartridge, in accordance With the present invention. 

DETAILED DESCRIPTION OF THE 

INVENTION 

[0040] The folloWing description relates to certain pre 
ferred embodiments of apparatus and methods for using ?oW 
porometry to determine the pore structure characteristics of 

?ltration cartridges as a function of cartridge length. It Will 

be readily apparent that numerous variations and modi?ca 

tions other than those speci?cally indicated Will be readily 
apparent to those of su?icient skill in the art. In addition, 

certain terms are used throughout the discussion in order to 

provide a convenient frame of reference With regard to the 

accompanying draWings, such as “inside”, “outside”, and 
the like. Such terms are not intended to be speci?cally 

limiting of the invention, except Where so indicated in the 
claims. 

[0041] Filtration cartridge product development ideally 
requires measurement of pore structure characteristics of 

complete ?ltration cartridges for design and performance 
evaluation. Important pore structure characteristics required 
for ?ltration cartridges include through-pore throat diam 
eters, the bubble point pore diameter, mean How pore 

diameter, and pore distribution. All of these characteristics 

can be measured by capillary ?oW porometry. HoWever, 
testing of a complete ?lter cartridge by capillary ?oW 
porometry is a major challenge, because of the high gas ?oW 
rates through large cartridges, large size of the sample 
holder, need for accurate measurement of pres sure drop, and 

requirement of sufficient supply of gas for a reasonable time. 

[0042] The pore structure characteristic of an entire ?lter 

cartridge can be measured by a porometer, provided that the 

porometer is capable of accommodating the complete car 
tridge in the sample chamber, producing very high ?oW rates 
of gas for large cartridges, accurately measuring ?oW rates 
and pressure drops in such a system, and supplying adequate 
amount of gas for the test duration. The PMI Complete Filter 

Cartridge Analyzer has all of these features and We have 

recently shoWn that it is capable of measuring the relevant 
pore structure characteristics of an entire ?ltration cartridge 

(Akshaya Jena and Krishna Gupta, Pore Structure Charac 
teristics and Gas Permeability 0f Complete Filter Car 

tridges, Proceedings, Filtech, Germany, Oct. 11-13, 2005). 
[0043] Limitations of Available Techniques: Filter car 

tridges are often long, so that their output is high. The pore 

structure of a long cartridge normally is not uniform. Large 
size pores, increased or decreased concentration of pores, 

and defects produced during manufacturing due to factors 
such as non-uniform distribution of poWders or ?bers, 

non-uniform compaction, and improper sintering or hot 
pressing may be present at a number of locations along the 

length of a long cartridge. HoWever, the presence of such 
structural abnormality is not usually revealed, When the 
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entire cartridge is tested as a Whole. Thus, the performance 

of a cartridge may be poor, even though the overall pore 

structure of the entire cartridge containing defects along its 
length appears to be satisfactory. It is, therefore, imperative 
to be able to measure the pore structure characteristics of a 

complete ?ltration cartridge at various locations along its 
length, to eliminate cartridges With unacceptable defects, 
and/or make changes in processing techniques used for the 
manufacture of the cartridges, so as to avoid or minimize 

such defects. HoWever, due to the foregoing problems, 
currently available methods do not alloW for the measure 

ment of the pore structure characteristics of a complete 

?ltration cartridge at various locations along its length. 

[0044] In the present invention, We disclose novel appa 
ratus and methods that have been developed to determine the 

pore structure at various locations along the length of a 

?ltration cartridge, using a How porometer (i.e., the PMI 

Capillary FloW Porometer). The methods and apparatus 
disclosed herein have been successfully used to measure 

various relevant characteristics of through pores, including 

throat diameters, largest throat diameter, mean How pore 

throat diameter, pore distribution, and permeability. 

[0045] Equipment: The typical ?ltration cartridge (FIG. 3) 
is a holloW cylindrical shape With a porous Wall and a 

cross-section that normally is circular. Fluids (liquid or gas) 
pass through the pores, While solid particles in the ?uid are 

held back by the pores. The ?uid moves either from the 

inside to the outside or from the outside to the inside. 

[0046] In order to test a selected location on the cartridge, 

We devised methods and specialized apparatus to permit 
How of the test gas only through a selected test location of 

the ?lter. These techniques generally involve the use of 

specially designed test location isolating devices, such as 
inserts, rings, or sleeves that slide either inside or outside the 

cartridge, several examples of Which are described beloW. 

[0047] Referring noW to FIG. 4, a porometry test location 

isolating device 20 according to an embodiment of the 

present invention is shoWn, specially adapted to slide inside 
the cylindrical bore 101 of a ?ltration cartridge 10. The test 

location isolating insert 20 comprises a tubular member 200 

having a test gas inlet 201 at its ?rst end and a sealed second 

end 202. In roughly the central region of the length of the 
insert, a plurality of radial gas channels 203 is arranged 
betWeen the ?rst and second ends 201, 202 of the tubular 

member 200, extending from the inner central bore 204 of 
the insert to the outside of the insert for directing How of the 

pressurized test gas through the tubular member to the test 

location of the cartridge. FIG. 4 shoWs three radial gas 

channels (the fourth being obscured in the draWing), hoW 
ever, the number can vary. TWo O-rings 205a, 2051) are 

seated Within the tWo circumferential O-ring grooves 206a, 
2061) on each side of the radial gas channels 203. The 

O-rings 205a, 2051) e?cectively de?ne the test location by 
con?ning the How of the pressurized test gas through the 
area betWeen the O-rings. A pair of end tubes 207 is threaded 

to the ends 201, 202 of the tubular member 200 to make 

airtight O-ring seals With the tubular member. Compressed 
test gas is introduced through the test gas inlet 201 and into 

the central bore 204, preferably via one of the end tubes 

20711. The free end of the other tube 207!) is sealed to prevent 

escape of the test gas. 

[0048] The tube With sealed end 2071) is pushed inside the 
cartridge 10 until the desired test location is Within the tWo 

circumferential O-rings 205a, 2051) on the tubular member 
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200. The O-rings 205a, 2051) are such that air-tight seals are 

made between the tubular member 200 and the inner surface 

102 of the cartridge 10, and that the insert 20 can be pushed 
from one end of the cartridge to the other for taking 

measurements at a particular location or taking multiple 

measurements along the length of the cartridge. 

[0049] Different inserts can be designed, depending upon 
the shape or con?guration of the ?ltration cartridge being 
tested, such that the inserts match the shape of the cartridge. 
FIG. 5 shoWs an alternative embodiment of an insert similar 

to that of FIG. 4, but Which is attached to ?exible end tubes 

507a, 5071) and employs gaskets 505a, 505b, instead of 
O-rings, Within grooves 506a, 5061). This insert is designed 
to be more ?exible, so that it can be pulled inside a bent 

cartridge (or a cartridge of unusual con?guration) to the 
desired location for determination of the pore structure at a 

particular location or as a function of cartridge length. 

[0050] Referring noW to FIG. 6, yet another alternative 
embodiment of a test location isolating device according to 

the invention is shoWn, specially adapted to slide over the 

outside of a ?ltration cartridge. The test location isolating 

ring 60 comprises a ring member 600 having a groove 

around an inner surface thereof de?ning a central gas 

channel 604 arranged to direct the How of the test gas 

through the ring member to the test location of the cartridge. 
The central gas channel 604 is connected to a test gas inlet 

601. A pair of gaskets 605a, 6051) is seated Within a pair of 

gasket grooves 606a, 6061) arranged on each side of the 

central gas channel 604. The gaskets 605a, 6051) effectively 
de?ne the test location by con?ning the How of the pres 

suriZed test gas through the area betWeen the gaskets. Rings 

of various siZes can be designed to slide over the outside 

surface of the cartridge, and the desired test location on the 

cartridge can be brought inside the ring for testing by sliding 
the cartridge inside the ring. 

[0051] FIG. 7 shoWs still yet another alternative embodi 

ment of a test location isolating device according to the 

invention, specially adapted to slide over the outside of a 

?ltration cartridge. In this embodiment, the ?ltration car 

tridge 10 is inserted inside tWo tight ?tting rubber sleeves 
700a, 7001) slidingly engaged over the ends of the cartridge. 
The gap betWeen the rubber sleeves de?nes the test location 

by con?ning the How of the pressuriZed test gas through the 
area betWeen the sleeves. A test gas inlet 701 is located at an 

end of one of the sleeves, and a sealed end 702 is located at 

an end of the other of the sleeves, With the cartridge being 
arranged betWeen the sleeves. Because the test area is 

exposed betWeen the sleeves, this variation is particularly 
suitable for cartridges having irregular cross-sections. 

[0052] Test Procedure: The porometer is connected to the 

assembly of cartridge and the test location isolating device, 
such as insert or ring or sleeve. The test location isolating 

device is moved either manually or automatically by the 

porometer to the desired location. The porometer increases 

the pressure of the test gas in small increments. The gas is 

constrained to How through the pores in the Wall of the 

cartridge at the desired location. Gas ?oW rate through the 

selected part of the cartridge is measured as a function of 

differential pressure. The gas pressure is then reduced to 

atmospheric pressure, the test area is Wetted With a Wetting 

liquid, and gas pressure is sloWly increased. Differential gas 

pressure and gas ?oW rates through the Wet location are 

measured. The measured gas ?oW rates and differential 

pressures are converted into through pore throat diameters, 
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the largest through pore throat diameter, mean How through 
pore throat diameter, pore distribution, and gas permeability 
of the selected annular location on the cartridge Wall. Pore 

structure characteristics at different locations are determined 

by moving the test location isolating device to the desired 
location. The pore structure characteristics of the cartridge 

as a function of its length can be determined by performing 

tests at locations With increasing length. Any sudden varia 
tion in the pore structure may be obtained by measuring ?oW 

rate as a function of length. 

[0053] Example of Successful Application of the Inven 
tion: The invention Was used to determine the pore structure 

characteristics of a long cartridge at different locations along 
its length. It had a Wall thickness of about 3/16th inch. For this 

particular application, an insert made out of Te?on Was used. 

The holes in the insert Were about l/sth inch in diameter and 

four in number. The circumferential o-rings Were about 7/16th 

inch apart. The stainless steel tubes attached to the insert 

Were long enough for the insert to be placed any Where along 

the length of the cartridge. The arrangement is shoWn in 
FIG. 8. The loosely ?tting plugs attached to the tubes 
extending from the insert at the tWo ends Were for keeping 

the device straight and reducing any stress on the cartridge. 

[0054] The fully automated PMI Capillary FloW Porom 
eter Was used to supply compressed gas to the insert through 

the stainless steel tube and acquire the required data. The 

Wetting liquid GalWick® (Propene,l,l,2,3,3,3-hexa?uro 
oxidiZed, polymerized) Was used to Wet the cartridge. The 

measured ?oW rates through the part of the cartridge at its 

center in dry and Wet conditions are shoWn in FIG. 9 as dry 

curve and Wet curve respectively. The half-dry curve in the 

?gure is computed to yield half of the How rate through the 
dry sample at the same differential pressure. 

[0055] Using these experimental data and using the pro 
cedure described above, the porometer computed the largest 
through pore throat diameter and the mean How through 

pore throat diameter as 227.6 um and 30.62 pm respectively 

in the center of the length of the cartridge. The pore 

distribution is given in terms of the distribution function, f, 
as folloWs: 

Where FW and Fd are gas ?oW through Wet and dry samples 
respectively. The distribution curve is shoWn in FIG. 10. The 

distribution function is such that area under the function in 

any pore siZe range yields percentage gas ?oW through pores 
in that range. The pore distribution is close to the pore 

number distribution. 

[0056] Dry curve gave the gas ?oW rates through the dry 
sample. These How rates Were utiliZed to compute gas 

permeability of the sample using Darcy’s laW. 

[0057] Thus, all of the important pore structure character 
istics at the center of the length of the cartridge Were 

measured. By sliding the insert inside the cartridge, pore 
structures in other locations also Were measured. Pore struc 

tures in this cartridge changed appreciably With length of the 
cartridge. For example, the mean How through pore throat 
diameters at the tWo ends of the cartridge Were 5.9% and 

12.5% loWer than the mean How through pore throat diam 

eter in the center. The variation in the gas ?oW rates at the 

tWo ends and at the center of a cartridge are shoWn in FIG. 

11. 

[0058] The present invention thus provides the advantage 
of enabling the analysis of the pore structure characteristics 
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of ?ltration cartridges as a function of cartridge length. The 

invention allows the pore structure of a ?ltration cartridge to 

be determined by ?oW porometry at any location along the 
length of the cartridge, and alloWs the pore structure char 

acteristics of the cartridge to be evaluated as a function of 

cartridge length. Furthermore, the invention provides means 
for employing a quick scan along the length of a cartridge as 

an aid in identifying the presence of major defects, and has 
numerous applications in the development and manufacture 

of ?ltration cartridges. 
[0059] It is to be understood that the architectural and 

operational embodiments described herein are exemplary of 

a plurality of possible arrangements to provide the same (or 

equivalent) general features, characteristics, and general 
system operation. Therefore, While there have been 
described the currently preferred embodiments of the 

present invention, those skilled in the art Will recognize that 
other and further modi?cations may be made, Without 

departing from the spirit of the present invention, and it is 
intended to claim all modi?cations and variations as fall 

Within the scope of the appended claims. 

[0060] Accordingly, it must further be understood that the 
embodiments of the invention herein described are merely 

illustrative of the application of the principles of the inven 
tion. Reference herein to details of the illustrated embodi 

ments is not intended to limit the scope of the claims, Which 

themselves recite those features regarded as essential to the 

invention. 

What is claimed is: 

1. Test apparatus for using a ?oW porometer to determine 

pore structure characteristics of at least a portion of a 

?ltration cartridge, comprising: 
a porometry test location isolating device having means 

for directing ?oW of a pressurized test gas through only 
a preselected test location along the length of said 
?ltration cartridge. 

2. The apparatus of claim 1, Wherein said test location 

isolating device is selected from the group consisting of 

inserts, rings, and sleeves that slidingly engage either an 
inner or outer surface of said ?ltration cartridge and direct 

said test gas through said test location of said cartridge. 

3. The apparatus of claim 2, Wherein said test location 

isolating device comprises an insert adapted to slidingly 
engage an inner surface of a cylindrical bore of said ?ltration 

cartridge, said insert comprising: 
a) a tubular member having a test gas inlet at a ?rst end 

thereof and a sealed second end; 

b) a plurality of radial gas channels arranged betWeen said 
?rst and second ends of said tubular member for 

directing ?oW of said pressurized test gas through said 
tubular member to said preselected test location of said 

cartridge; and 
c) a pair of O-rings seated Within a pair of circumferential 

O-ring grooves arranged betWeen said radial gas chan 
nels and said ?rst and second ends of said tubular 

member, said O-rings de?ning said test location and 
con?ning ?oW of said pressurized test gas through said 
test location. 

4. The apparatus of claim 3, further comprising at least 
one solid member attached to one of said ends of said tubular 

member for pushing or pulling said insert through a ?ltration 

cartridge. 
5. The apparatus of claim 2, Wherein said test location 

isolating device comprises an insert adapted to slidingly 
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engage an inner surface of a cylindrical bore of said ?ltration 

cartridge, said insert comprising: 

a) a tubular member having a test gas inlet at a ?rst end 

thereof and a sealed second end; 

b) a plurality of radial gas channels arranged betWeen said 
?rst and second ends of said tubular member to direct 

?oW of said pressurized test gas through said tubular 

member to said preselected test location of said car 

tridge; 
c) a pair of gaskets seated Within a pair of circumferential 

gasket grooves arranged betWeen said radial gas chan 
nels and said ?rst and second ends of said tubular 

member, said gaskets de?ning said test location and 
con?ning ?oW of said pressurized test gas through said 

test location; and 

d) a pair of ?exible members attached to said ends of said 

tubular member for pulling said insert through a ?ltra 

tion cartridge having an irregular shape or a bent or 

deformed cartridge. 
6. The apparatus of claim 5, Wherein one of said ?exible 

members attached to said tubular member is a ?exible tube 

member delivering said pressurized test gas to said test gas 

inlet. 

7. The apparatus of claim 2, Wherein said test location 

isolating device comprises a ring adapted to slidingly engage 
an outer surface of a cylindrical ?ltration cartridge, com 

prising: 
a) a ring member having a groove Within an inner surface 

thereof de?ning a central gas channel connected to a 

test gas inlet, said central gas channel arranged to direct 

?oW of said test gas through said ring member to said 

preselected test location of said cartridge; and 

b) a pair of gaskets seated Within a pair of gasket grooves 
arranged on each side of said central gas channel, said 
gaskets de?ning said test location and con?ning ?oW of 
said pressurized test gas through said test location. 

8. The apparatus of claim 2, Wherein said test location 

isolating device comprises a pair of sleeves adapted to 
slidingly engage an outer surface of a cylindrical ?ltration 

cartridge, comprising: 
a) a pair of tight ?tting rubber sleeves slidingly engaged 

at each end of a ?ltration cartridge, said rubber sleeves 

de?ning said test location and con?ning ?oW of said 

pressurized test gas through said test location; and 

b) a test gas inlet located at an end of one of said sleeves, 

and a sealed end located at an end of the other of said 

sleeves, With said cartridge being arranged betWeen 
said sleeves. 

9. The apparatus of claim 2, operatively connected to a 

?oW porometer and/or means for manually or automatically 

moving said test location isolating device along the length of 
said ?ltration cartridge. 

10. A method for using a ?oW porometer to determine 

pore structure characteristics of at least a portion of a 

?ltration cartridge, comprising the steps of: 

a) providing a ?oW porometer and a ?ltration cartridge for 

analysis; 
b) placing a porometry test location isolating device of 

claim 1 in sealing contact With said ?ltration cartridge 

at a preselected test location of said cartridge; 

c) increasing a test gas pressure of said porometer incre 
mentally, such that said test gas is constrained to ?oW 

through said ?ltration cartridge at said test location; 
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d) measuring a How rate of said test gas through said test 

location as a function of differential pressure; 

e) reducing said test gas pressure to atmospheric pressure; 
f) Wetting said test location With a Wetting liquid; 
g) increasing said test gas pressure again incrementally, 

such that said Wetting liquid is constrained to How 

through said ?ltration cartridge at said test location; 
h) measuring dilferential gas pressure and gas ?oW rates 

through said test location; and 
i) converting said measured gas ?oW rates and dilferential 

pressures into through pore throat diameters, the largest 
through pore throat diameter, mean How through pore 

throat diameter, pore distribution, and gas permeability 
of said ?ltration cartridge at said test location. 

11. The method of claim 10, further comprising the step 
of determining pore structure characteristics at different test 

locations along the length of said ?ltration cartridge by 
moving said test location isolating device to multiple test 

locations, measuring ?oW rates and differential pressures at 

said multiple locations, and converting said measured gas 
?oW rates and dilferential pressures at said multiple test 

locations. 

12. The method of claim 10, further comprising the step 
of determining pore structure characteristics of said ?ltration 

cartridge as a function of its length by performing tests at 

locations With increasing length. 
13. The method of claim 10, further comprising the step 

of determining variation in pore structure by measuring ?oW 
rate as a function of length. 

14. The method of claim 11, Wherein said test location 

isolating device is moved to said multiple test locations 

manual or automatically by said How porometer. 
15. The method of claim 10, comprising the step of 

determining said pore structure characteristics using the 

formula p:4y cos G/D or f:—[d(FW/Fd)><l00]/dD. 
16. The method of claim 10, Wherein said porometry test 

location isolating device is selected from the group consist 

ing of inserts, rings, and sleeves that slidingly engage either 
an inner or outer surface of said ?ltration cartridge and direct 

said test gas through said preselected test location of said 

cartridge. 
17. The method of claim 10, Wherein said test location 

isolating device comprises an insert adapted to slidingly 
engage an inner surface of a cylindrical bore of said ?ltration 

cartridge, said insert comprising: 
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a) a tubular member having a test gas inlet at a ?rst end 

thereof and a sealed second end; 

b) a plurality of radial gas channels arranged betWeen said 
?rst and second ends of said tubular member for 

directing How of said pressurized test gas through said 
tubular member to said preselected test location of said 

cartridge; and 

c) a pair of O-rings seated Within a pair of circumferential 

O-ring grooves arranged betWeen said radial gas chan 
nels and said ?rst and second ends of said tubular 

member, said O-rings de?ning said test location and 
con?ning How of said pressurized test gas through said 
test location. 

18. The method of claim 17, Wherein one of said ?exible 

members attached to said tubular member is a ?exible tube 

member delivering said pressurized test gas to said test gas 

inlet. 

19. The method of claim 10, Wherein said test location 

isolating device comprises a ring adapted to slidingly engage 
an outer surface of a cylindrical ?ltration cartridge, com 

prising: 
a) a ring member having a groove Within an inner surface 

thereof de?ning a central gas channel connected to a 

test gas inlet, said central gas channel arranged to direct 

How of said test gas through said ring member to said 

preselected test location of said cartridge; and 

b) a pair of gaskets seated Within a pair of gasket grooves 
arranged on each side of said central gas channel, said 

gaskets de?ning said test location and con?ning flow of 
said pressurized test gas through said test location. 

20. The method of claim 10, Wherein said test location 

isolating device comprises a pair of sleeves adapted to 
slidingly engage an outer surface of a cylindrical ?ltration 

cartridge, comprising: 
a) a pair of tight ?tting rubber sleeves slidingly engaged 

at each end of a ?ltration cartridge, said rubber sleeves 

de?ning said test location and con?ning How of said 

pressurized test gas through said test location; and 

b) a test gas inlet located at an end of one of said sleeves, 

and a sealed end located at an end of the other of said 

sleeves, With said cartridge being arranged betWeen 
said sleeves. 


