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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 ?l 
tration cartridge at a desired test location, increasing the 
porometer test gas pres sure 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 differential 
pressure, reducing the test gas pressure to atmospheric pres 
sure, Wetting the test location With a Wetting liquid, increas 
ing 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 pres 
sures into through pore throat diameters, largest through pore 
throat diameter, mean How through pore throat diameter, pore 
distribution, and gas permeability of the cartridge. 

150 140 l30b 



Patent Application Publication Jul. 21, 2011 Sheet 1 0f 2 US 2011/0174057 A1 

Fig. 1 
120 

130a 150 140 13Gb 
135a l35b 

1O 

140 
301 



Patent Application Publication Jul. 21, 2011 Sheet 2 0f 2 US 2011/0174057 A1 

Fig. 2 
220 150 160 

146 

14ml 140s 
140$ 10 

32021 32% 
302 l45b 

145a 



US 2011/0174057 A1 

PORE STRUCTURE CHARACTERIZATION 
OF FILTRATION CARTRIDGES AT SPECIFIC 
LOCATIONS ALONG CARTRIDGE LENGTH 

REFERENCE TO RELATED APPLICATIONS 

[0001] This is a continuation-in-part patent application of 
co-pending application Ser. No. 12/558,865, ?led Sep. 14, 
2009, entitled “Determination of Pore Structure Characteris 
tics of Filtration Cartridges as a Function of Cartridge 
Length”, Which is a divisional application of parent patent 
application Ser. No. 11/548,067, ?led Oct. 10, 2006, now 
US. Pat. No. 7,614,279. The complete disclosures of the 
aforementioned applications are hereby incorporated herein 
by reference in their entireties. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 
[0003] The invention pertains to the ?eld of ?oW porom 
etry. More particularly, the invention pertains to methods and 
apparatus for the use of ?oW porometry to determine the pore 
structure characteristics of a ?ltration cartridge from mea 
surements taken at speci?c locations along the cartridge 
length. 
[0004] 2. Description of RelatedArt 
[0005] Filtration cartridges are Workhorses of modern 
industry. Filtration cartridges are porous materials Widely 
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, elec 
tronic, automobile, 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. 

[0006] The performance of a ?ltration cartridge and its 
ability to separate solids from ?uids are governed by the pore 
structure characteristics of the complete ?ltration cartridge, 
rather than just the pore structure of the ?ltration media con 
tained therein. Analysis of the pore structure characteristics of 
?ltration cartridges is required for the evaluation of numerous 
?ltration processes, including, for example estimation of ?l 
tration ef?ciency, evaluation of cartridge performance, and 
development of advanced and more e?icient ?ltration media. 
Relevant pore structure characteristics include, for example, 
through pore throat diameters, bubble point (i.e., the largest 
through pore throat diameter), mean ?oW pore diameter, pore 
distribution, and permeability. Through pore throat diameter 
determines the siZes of particles that Will be prevented from 
passing through the pore. The bubble point is the largest 
through pore throat diameter; it determines the smallest par 
ticle that cannot pass through the ?lter. Mean ?oW pore diam 
eter yields the mean value of the pore diameter. Normally the 
majority of pores have diameters close to the mean ?oW pore 
diameter. It is also a measure of liquid and gas permeability. 
Pore distribution shoWs Where an appreciable fraction of 
pores is present. It can be used to estimate e?iciency. Perme 
ability is a measure of the rate of the process. 

[0007] All of the foregoing properties, relevant and impor 
tant for ?ltration, can be measured by Capillary FloW Porom 
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etry, based on ASTM F-316. Capillary ?oW porometry is 
Widely used for pore structure determination of ?ltration 
media (see e.g., Akshaya Jena and Krishna Gupta, Charac 
terization 0fP0re Structure of Filtration Media, Fluid/Par 
ticle Separation Journal, Vol. 14, No. 3, 2002, pp. 227-241; 
Akshaya Jena and Krishna Gupta, Liquid Extrusion Tech 
niquesfor Pore Structure Evaluation ofNonwovens, Intema 
tional NonWovens Journal, Vol. 12, No. 3. 2003, pp. 45-53; 
and US. Pat. Nos. 6,766,257 and 6,684,685, the complete 
disclosures of Which are hereby incorporated herein by ref 
erence in their entireties). 
[0008] US. Pat. No. 6,684,685 discloses a liquid extrusion 
porosimeter and method for evaluating porosity characteris 
tics (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 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 mea 
sured by measuring rate of ?oW While the liquid level is above 
the sample. 
[0009] 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. 
[0010] 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. There 
fore, ?lling of the pores by the Wetting liquid is accompanied 
by a decrease in free energy and the ?lling process is sponta 
neous. The Wetting liquid cannot spontaneously ?oW out of 
the pores, hoWever, it can be removed from the pores by a 
pressurized non-reacting gas. 
[0011] The gas pressure needed to displace a Wetting liquid 
from a pore is related to the pore diameter, as folloWs: 

p:4y cos (9/0 (1) 

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 measure 
ment 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. 
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[0012] The Wet curve generated by the Wet sample shows 
no gas ?oW With increase in differential pressure at the begin 
ning 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 dif 
ferential pressure that initiates gas ?oW through a Wet sample 
yields the largest through pore diameter. 
[0013] The diameter of a pore can change along the pore 
path. The differential gas pres sure that is suf?cient to displace 
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 pro 
duced by the dry sample. The half-dry curve represents com 
puted data that yield half of the gas ?oW rate through the dry 
sample at a given differential pressure. The differential pres 
sure at Which the Wet curve and the half-dry 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. 
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 Interna 
tional Conference Filtration 99, November 3-4, Chicago, 
INDA, 1999). Gas permeability 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, Aca 
demic Press, 1956). 
[0014] 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 permeability, liquid 
permeability, envelope surface area and effects of operational 
variables, such as temperature, pressure, chemical environ 
ment and stress. Demonstrated applications of ?oW porom 
etry 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 evaluation of proper 
ties Without cutting samples and damaging the products. See, 
e.g., US Pat. Nos. 6,766,257, 6,789,410, 6,845,651, and 
7,040,141. 
[0015] Us. Pat. No. 6,766,257 discloses a method ofdeter 
mining 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, seal 
ing 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 pa (dS/ 
dV), D:4y/p, and f:—d[100(FW/Fd)]/dD. 
[0016] Us. Pat. No. 6,789,410 discloses a porosimeter that 
includes a pressuriZable sample chamber With a membrane 
located directly beloW the sample. The membrane pores have 
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a smaller siZe than any of the sample pores of interest. A ?uid 
reservoir is located beloW the membrane such that the reser 
voir 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 recir 
culation line receives ?uid from the exit of the ?uid displace 
ment reservoir and circulates 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 circulates over the bottom of the membrane, and 
sWeeps air bubbles out of the reservoir. 

[0017] 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 vol 
ume holds a sample With unknoWn porosity characteristics. 
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 cham 
ber. Once the pressure approaches a target pressure, the ?oW 
controller is closed. The pressure monitor continues to moni 
tor the pressure until it stops changing When an equilibrium is 
attained. The amount of gas introduced into the system 
through the ?oW controller and the volume and ?nal pres sure 
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 distribu 
tion and surface area. 

[0018] 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 pressuriZable 
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, pressure and 
decrease in volume of vapor are measured. Pore diameter and 
pore volume are calculated. A pressure differential is created 
betWeen the tWo volumes, and the pressure change is moni 
tored after the pressure differential is introduced. In a pre 
ferred embodiment, the pressure is increased in the ?rst vol 
ume 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 preferably repeated. The 
pore distribution in the sample is preferably calculated from 
the ?oW rates. 

[0019] Although there are knoWn methods and apparatus 
for 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 characteris 
tics of complete ?ltration cartridges. Determination of pore 
structure of porous materials by porometry involves measure 
ment of differential pressure of an inert gas and the ?oW rate 
of the gas through the pores. HoWever, large and long indus 
trial cartridges produce very high gas ?oW rates. When ?oW 
rates are high, it is di?icult to prevent turbulence, accurately 
measure ?oW rates, detect small changes in ?oW rates, and 
accurately measure small changes in differential pressure. 
Consequently, it is di?icult to determine the pore structure of 
many large cartridges. 
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[0020] The known methods and apparatus do not alloW the 
pore structure characteristics of a complete ?ltration cartridge 
to be determined from measurements taken at speci?c loca 
tions along the cartridge length, and do not alloW the pore 
structure of the cartridge to be evaluated as a function of 
cartridge length. Thus, there is a need in the art for a method 
and apparatus for using ?oW porometry to determine the pore 
structure characteristics of complete ?ltration cartridges and 
evaluate pore structure at different locations along the length 
of the cartridge and as a function of cartridge length. 

SUMMARY OF THE INVENTION 

[0021] The present invention provides methods and appa 
ratus for the use of How porometry to determine the pore 
structure characteristics of a ?ltration cartridge from mea 
surements taken at speci?c locations along the cartridge 
length. The apparatus according to the invention provides 
various porometry test location isolating devices designed for 
using a How porometer to determine the pore structure char 
acteristics at any location along the length of a ?ltration 
cartridge, including means for directing the How of a pressur 
iZed 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 isolating devices provided 
as inserts, rings, and sleeves that 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. 
[0022] One problem With determination of the pore struc 
ture of porous materials by porometry is that it involves 
measurement of differential pressure of an inert gas and the 
How rate of the gas through the pores. HoWever, large and 
long industrial cartridges produce very high gas ?oW rates. 
When ?oW rates are high, it is dif?cult to prevent turbulence, 
accurately measure ?oW rates, detect small changes in How 
rates, and accurately measure small changes in differential 
pressure. Consequently it is dif?cult to determine the pore 
structure of large cartridges by porometry. 
[0023] We have found that this problem can be avoided by 
performing the test on a small part of the cartridge. By con 
trolling the siZe of the portion of the ?ltration cartridge on 
Which the test is performed, it is possible to bring the How rate 
under control. The test is repeated on neighboring parts to 
investigate the entire cartridge. This technique also permits 
investigation of the pore structure as a function of cartridge 
length, so that unusually large inhomogeneity can be identi 
?ed and, if required, appropriate changes in the manufactur 
ing process can be implemented. Several porometry test loca 
tion isolating devices have been designed and used by Porous 
Materials, Inc. (see e.g., U.S. Pat. No. 7,614,279). We have 
recently developed tWo neW pore structure isolating devices, 
Which are very convenient to use to isolate test Zones on large 

cartridges. 
[0024] 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 How rate of the 
test gas through the test location as a function of differential 
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pressure, reducing the test gas pressure to atmospheric pres 
sure, Wetting the test location With a Wetting liquid, increas 
ing 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 pres 
sures into through pore throat diameters, largest through pore 
throat diameter, mean How through pore throat diameter, pore 
distribution, and gas permeability of the cartridge. The meth 
ods and apparatus thus alloW the use of How porometry to 
determine the pore structure characteristics of a ?ltration 
cartridge from measurements taken at speci?c locations 
along the cartridge length. 
[0025] In a preferred embodiment, the invention provides a 
porometry test location isolating device comprising a ring 
assembly adapted to slidingly engage the outer surface of a 
cylindrical ?ltration cartridge. There are three grooves on the 
inside surface of the ring and the cartridge moves freely inside 
the ring. Thus, When the ring is placed around the cartridge, a 
small space is left betWeen the ring and the cartridge. The 
space is connected to the supply of a pressured test gas. The 
cylindrical ring member has a sealing groove Within each end 
of an inner surface thereof, each groove de?ning a channel for 
receiving expandable circular sealing tubes. A central groove 
betWeen the tWo sealing grooves de?nes a central gas channel 
arranged to direct How of the test gas through the ring member 
to a preselected test location of the ?ltration cartridge. A test 
gas inlet provides the test gas to the central gas channel. The 
expandable circular sealing tubes are seated Within each seal 
ing groove. These sealing tubes de?ne the test location and, 
When expanded, con?ne the How of the pressurized test gas 
through the test location. 

[0026] In an alternative embodiment, the invention pro 
vides a porometry test location isolating device comprising a 
ring assembly adapted to slidingly engage the outer surface of 
a cylindrical ?ltration cartridge. The ring assembly includes a 
cylindrical ring member having threaded ends for receiving a 
threaded cylindrical end piece at each end of the ring. An 
O-ring is sandWiched betWeen each threaded cylindrical end 
piece and each threaded end of the ring member to create an 
air-tight seal. The assembly also includes a sealing groove for 
receiving multiple gaskets Within each end of an inner surface 
of the ring assembly. Each sealing groove is de?ned by a 
recess Within the inner side of each end piece and a corre 
sponding recess Within each end of the ring member. A central 
groove betWeen the tWo sealing grooves de?nes a central gas 
channel arranged to direct How of the test gas through the ring 
member to a preselected test location of the ?ltration car 
tridge. A test gas inlet provides the test gas to the central gas 
channel. TWo or more gaskets of varying hardnesses and 
thicknesses are seated Within each sealing groove. These 
gaskets de?ne the test location and con?ne the How of the 
pressurized test gas through the test location. 

[0027] Thus, the invention alloWs the pore structure of a 
?ltration cartridge to be determined by How porometry at any 
location along the length of the cartridge, and alloWs the pore 
structure characteristics of the cartridge to be evaluated as a 
function of cartridge length. Furthermore, the invention pro 
vides means for employing a quick scan along the length of a 
cartridge as an aid in identifying the presence of major 
defects. The invention thus provides the advantage of 
enabling the use of How porometry to determine the pore 
structure characteristics of a ?ltration cartridge from mea 
surements taken at speci?c locations along the cartridge 
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length. This is particularly useful for analysis of very large 
and/ or high-?oW industrial ?ltration cartridges. 
[0028] These and other features and advantages Will 
become readily apparent from the following detailed descrip 
tion, Which should be read in conjunction With the accompa 
nying draWing ?gures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0029] 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. 
[0030] FIG. 1 depicts a cross-sectional vieW of a cylindrical 
ring assembly With expandable sealing tubes, in accordance 
With an embodiment of the invention. 
[0031] FIG. 2 depicts a cross-sectional vieW of a cylindrical 
ring assembly With hard and soft gaskets, in accordance With 
an embodiment of the invention. 

DETAILED DESCRIPTION OF THE INVENTION 

[0032] 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?cations 
other than those speci?cally indicated Will be readily appar 
ent 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 accompa 
nying 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. 
[0033] 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 ?oW pore diam 
eter, 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 pressure drop, and requirement of 
suf?cient supply of gas for a reasonable time. 
[0034] 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 ofComplete Filter Cartridges, 
Proceedings, Filtech, Germany, Oct. 11-13, 2005). 
[0035] Filter cartridges 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 concentra 
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tion 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 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 com 

plete ?ltration cartridge at various locations along its length, 
to eliminate cartridges With unacceptable defects, and/or 
make changes in processing techniques used for the manu 
facture 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 measurement of the 
pore structure characteristics of a complete ?ltration cartridge 
at various locations along its length. 
[0036] In the present invention, We disclose novel appara 
tus and methods that have been developed to determine the 
pore structure at various locations along the length of a ?ltra 
tion cartridge, using a ?oW porometer (i.e., the PMI Capillary 
FloW Porometer). The methods and apparatus disclosed 
herein have been successfully used to measure various rel 
evant characteristics of through pores, including throat diam 
eters, largest throat diameter, mean ?oW pore throat diameter, 
pore distribution, and permeability. 
[0037] The typical ?ltration cartridge is a holloW cylindri 
cal 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 of the cylinder. 
[0038] In order to test a selected location on the cartridge, 
We devised methods and specialiZed apparatus to permit ?oW 
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. Different 
inserts can be used, depending upon the shape or con?gura 
tion of the ?ltration cartridge being tested, such that the 
inserts substantially match the shape of the cartridge. 
[0039] Referring noW to FIG. 1, a porometry test location 
isolating device comprising a cylindrical ring assembly 120 
With expandable circular sealing tubes 130a, 1301) is shoWn, 
according to an embodiment of the present invention, spe 
cially adapted to slide over the outside of a cylindrical ?ltra 
tion cartridge 10. The apparatus includes a cylindrical ring 
member 301, Which ?ts around a cylindrical ?ltration car 
tridge 10 (FIG. 1). The cartridge moves freely inside the ring. 
When the ring is placed around the cartridge a small clearance 
space is left betWeen the ring and the cartridge. The space is 
connected to the supply of a pressured test gas. The cylindri 
cal ring member 301 has a sealing groove 135a, 1351) Within 
each end of an inner surface thereof, each groove de?ning a 
channel for receiving an expandable circular sealing tube 
130a, 1301). A central groove betWeen the tWo sealing grooves 
de?nes a central gas channel 140 arranged to direct ?oW of the 
test gas through the ring member 301 to a preselected test 
location of the ?ltration cartridge 10. A test gas inlet 150 
provides the test gas to the central gas channel 140. The 
expandable circular sealing tubes 13011, 13011 are seated 
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Within each sealing groove 135a, 1351). Each sealing tube 
130a, 1301) includes an in?ationport 131. These sealing tubes 
de?ne the test location and, When expanded, con?ne the How 
of the pressurized test gas through the test location. 
[0040] Referring noW to FIG. 2, a porometry test location 
isolating device comprising a cylindrical ring assembly 220 
With hard and soft circular gaskets 140h, 140s is shoWn, 
according to an embodiment of the present invention, spe 
cially adapted to slide over the outside of a cylindrical ?ltra 
tion cartridge. The cylindrical ring member 302 used in this 
device has tWo relatively thin cylindrical end pieces 320a, 
3201) screWed to the ring member 302 With O-rings 145a, 
1451) in betWeen to form air-tight seals (FIG. 2). The inner 
side of each end piece 320a, 3201) has a recess 146 to accept 
tWo gaskets. The gaskets preferably are ?xed to the end pieces 
With screWs. Out of the tWo gaskets, one gasket is thin and 
?exible 140s While the other is hard and rigid 140h. On the 
side of the ring through Which the cartridge is introduced, the 
thinner gaskets is on the outside While on the other side of the 
ring the thinner gaskets is on the inside. Optionally, tWo 
thinner gaskets are used for a better seal. When the cartridge 
is pushed in to the ring, the thinner gaskets are positioned in 
betWeen the cartridge and the rigid gaskets, thus preventing 
leakage of the test gas to the outside of the ring (FIG. 2). A 
central groove betWeen the tWo sealing grooves de?nes a 
central gas channel 160 arranged to direct How of the test gas 
through the ring member 302 to a preselected test location of 
the ?ltration cartridge 10.A test gas inlet 150 provides the test 
gas to the central gas channel 160. The sealing gaskets de?ne 
the test location and, con?ne the How of the pressurized test 
gas through the test location. 
[0041] The porometer is connected to the assembly of car 
tridge and the test location isolating device, such as the ring 
assembly. 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 pres 
sure 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, the largest through pore throat 
diameter, mean How through pore throat diameter, pore dis 
tribution, and gas permeability of the selected annular loca 
tion 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 increas 
ing length. Any sudden variation in the pore structure may be 
obtained by measuring ?oW rate as a function of length. 
[0042] Examples 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. 
[0043] The fully automated PMI Capillary FloW Porometer 
Was used to supply compressed gas to the apparatus and 
acquire the required data. The Wetting liquid GalWick® (Pro 
pene, l,l,2,3,3,3-hexa?uro oxidized, polymerized) Was used 
to Wet the cartridge. The measured flow rates through the part 
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of the cartridge at its center in dry and Wet conditions Were 
measured and reported as dry curve and Wet curve respec 
tively. The half-dry curve is computed to yield half of the How 
rate through the dry sample at the same differential pressure. 
[0044] Using these experimental data and using the proce 
dure 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 Ed are gas ?oW through Wet and dry samples 
respectively. The distribution curve Was calculated. The dis 
tribution 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. 
[0045] Dry curve gave the gas ?oW rates through the dry 
sample. These How rates Were utilized to compute gas per 
meability of the sample using Darcy’s laW. 
[0046] Thus, all of the important pore structure character 
istics at the center of the length of the cartridge Were mea 
sured and pore structures in other locations also Were mea 
sured. Pore structures 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 diameter in the center. 

Example I 

The Cylindrical Ring With Expandable Tubes 

[0047] The apparatus includes a cylindrical ring member 
301, Which ?ts around a cylindrical ?ltration cartridge 10 
(FIG. 1). The cartridge moves freely inside the ring. When the 
ring is placed around the cartridge a small clearance space is 
left betWeen the ring and the cartridge. The space is connected 
to the supply of a pressured test gas. The cylindrical ring 
member 301 has a sealing groove 135a, 1351) Within each end 
of an inner surface thereof, each groove de?ning a channel for 
receiving an expandable circular sealing tube 130a, 1301). A 
central groove betWeen the tWo sealing grooves de?nes a 
central gas channel 140 arranged to direct How of the test gas 
through the ring member 301 to a preselected test location of 
the ?ltration cartridge 10.A test gas inlet 150 provides the test 
gas to the central gas channel 140. The expandable circular 
sealing tubes 130a, 1301) are seated Within each sealing 
groove 135a, 1351). Each sealing tube 130a, 1301) includes an 
in?ation port 131 connected to the supply of air Whose pres 
sure is controlled. These sealing tubes de?ne the test location 
and, When expanded, con?ne the How of the pressurized test 
gas through the test location. 

[0048] In order to perform a test the folloWing procedure is 
folloWed: 

[0049] 1. The cylindrical ring is moved over the location of 
the cartridge selected for testing. 

[0050] 2. Air pressure in the sealing tubes is increased 
suf?ciently to form air-tight seals betWeen the sealing 
tubes and the cartridge. 

[0051] 3. Test gas is permitted to enter the space betWeen 
the ring and the cartridge. 
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[0052] 4. FloW rate of the test gas through the dry cartridge 
location betWeen the tWo tubes is measured as a function of 
differential gas pressure. 

[0053] 5. The sealing tubes are de?ated by reducing air 
pres sure in the tubes. 

[0054] 6. The location of the cartridge betWeen the tubes is 
carefully marked. The cartridge is WithdraWn and Wetted 
With a Wetting liquid, such that all the pores of the cartridge 
at the selected location are ?lled With the Wetting liquid. 

[0055] 7. The cylindrical ring is moved over the selected 
location of the cartridge and air pressure in the sealing 
tubes is increased to obtain air-tight seals betWeen the 
cartridge and the tubes. 

[0056] 8. Test gas is permitted to enter the space betWeen 
the ring and the cartridge. 

[0057] 9. FloW rate of the gas through the Wet cartridge 
location betWeen the tWo tubes is measured as a function of 
differential pressure of gas. 

[0058] 10. Using the measured ?oW and differential pres 
sure values of Wet and dry samples, the pore structure 
characteristics, such as bubble point, mean ?oW pore diam 
eter, pore distribution, gas permeability and pore throat 
diameters are computed. 

[0059] 11. The sealing tubes are de?ated by reducing air 
pres sure in the tubes. 

[0060] 12. The cylindrical ring, Which can noW move freely 
over the cartridge, is relocated on another location of the 
cartridge, Where the pore structure is required to be mea 
sured. 

[0061] The unique advantages of this technique are many. 
For example, pneumatic pressure in the ?exible tubes can be 
increased to the desired level to achieve a good seal With the 
cartridge surface. Cartridges having a Wide range of pore 
diameters from very large (loW test pressure) to very large 
(high test pressure) can be tested. The ring assembly easily 
can be mounted, removed or moved to a different location, 
simply by de?ating the tubes. Also, cartridges having slightly 
irregular cross-section can be investigated 

Example H 

The Cylindrical Ring With Hard and Soft Gaskets 

[0062] The apparatus includes a cylindrical ring member 
302 With tWo relatively thin cylindrical endpieces 320a, 3201) 
screWed to the ring member 302 With O-rings 145a, 1451) in 
betWeen to form airtight seals (FIG. 2). The inner side of each 
end piece 320a, 3201) has a recess 146 to accept tWo gaskets. 
The gaskets preferably are ?xed to the end pieces With screWs. 
Out of the tWo gaskets, one gasket is thin and ?exible 140s 
While the other is hard and rigid 140h. On the side of the ring 
through Which the cartridge is introduced, the thinner gaskets 
is on the outside While on the other side of the ring the thinner 
gaskets is on the inside. Optionally, tWo thinner gaskets are 
used for a better seal. When the cartridge is pushed in to the 
ring, the thinner gaskets are positioned in betWeen the car 
tridge and the rigid gaskets, thus preventing leakage of the test 
gas to the outside of the ring (FIG. 2). A central groove 
betWeen the tWo sealing grooves de?nes a central gas channel 
160 arranged to direct ?oW of the test gas through the ring 
member 302 to a preselected test location of the ?ltration 
cartridge 10. A test gas inlet 150 provides the test gas to the 
central gas channel 160. The sealing gaskets de?ne the test 
location and, con?ne the ?oW of the pressurized test gas 
through the test location. 
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[0063] In order to perform a test the folloWing procedure is 
folloWed: 
[0064] l. The cartridge is simply pushed from one side of 

the ring assembly, such that the ring is over the location of 
the cartridge selected for testing. 

[0065] 2. Test gas is permitted to enter the space betWeen 
the ring and the cartridge. 

[0066] 3. FloW rate of the test gas through the dry cartridge 
location betWeen the sealing gaskets is measured as a func 
tion of differential gas pressure. 

[0067] 4. The location of the cartridge betWeen the gaskets 
is carefully marked. The cartridge is WithdraWn and Wetted 
With a Wetting liquid such that all the pores of the cartridge 
at the selected location are ?lled With the Wetting liquid. 

[0068] 5. The cylindrical ring is moved over the selected 
location of the cartridge and test gas is permitted to enter 
the space betWeen the ring and the cartridge. 

[0069] 6. FloW rate of the gas through the Wet cartridge 
location betWeen the gaskets is measured as a function of 
differential pressure of gas. 

[0070] 7. Using the measured ?oW and differential pressure 
values of Wet and dry samples, the pore structure charac 
teristics, such as bubble point, mean ?oW pore diameter, 
pore distribution, gas permeability, pore throat diameters 
are computed. 

[0071] 8. The cylindrical ring is relocated on another loca 
tion of the cartridge, Where the pore structure is required to 
be measured. 

[0072] The unique advantages of this technique are many. 
For example, the thickness and stiffness of the gaskets, as Well 
as the number of gaskets used, can be adjusted to achieve a 
good seal With the cartridge surface. Cartridges having large 
pores requiring loW test pressures are very suitable for this 
application. The ring assembly easily can be mounted, 
removed or moved to a different location, simply by pushing 
the cartridge. Also, cartridges having slightly irregular cross 
section can be investigated. 
[0073] The present invention thus provides the advantage 
of enabling the analysis of the pore structure characteristics of 
?ltration cartridges to be determined by ?oW porometry at 
any location along the length of the cartridge, and alloWs the 
pore structure characteristics 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. 
[0074] 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 sys 
tem 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. 
[0075] It must further be understood that the embodiments 
of the invention herein described are merely illustrative of the 
application of the principles of the invention. Reference to the 
details of the illustrated embodiments is not intended to limit 
the scope of the claims, Which themselves recite the features 
regarded as essential to the invention. 
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What is claimed is: 
1. Test apparatus for using a How 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 How of a pressurized test 
gas through only a preselected test location along the length 
of said ?ltration cartridge, means for applying pressure in 
small increments to said test location, means for measuring 
differential pressures of said test gas, and means for measur 
ing a rate of How of said test gas through said test location, 
Wherein said test location isolating device comprises a ring 
assembly adapted to slidingly engage an outer surface of a 
cylindrical ?ltration cartridge. 

2. The apparatus of claim 1, Wherein said ring assembly 
comprises: 

a) a cylindrical ring member having a sealing groove Within 
each end of an inner surface thereof, each groove de?n 
ing a channel for receiving expandable sealing means; 

b) a central groove betWeen the sealing grooves, de?ning a 
central gas channel arranged to direct How of said test 
gas through said ring member to said preselected test 
location of said cartridge; 

c) a test gas inlet for providing said test gas to said central 
gas channel; and 

d) expandable sealing means seated Within each sealing 
groove, said sealing means de?ning said test location 
and, When expanded, con?ning How of said pressurized 
test gas through said test location. 

3. The apparatus of claim 1, Wherein said ring assembly 
comprises: 

a) a cylindrical ring member having threaded ends for 
receiving a threaded cylindrical end piece at each end 
thereof; 

b) an O-ring sandWiched betWeen each threaded cylindri 
cal end piece and each threaded end of said ring member; 

c) a sealing groove for receiving a plurality of gaskets 
Within each end of an inner surface of said ring assembly, 
each sealing groove being de?ned by a recess Within the 
inner side of each end piece and a corresponding recess 
Within each end of said ring member; 

d) a central groove betWeen the sealing grooves, de?ning a 
central gas channel arranged to direct How of said test 
gas through said ring member to said preselected test 
location of said cartridge; 

e) a test gas inlet for providing said test gas to said central 
gas channel; and 

f) tWo or more gaskets of varying hardnesses and thick 
nesses seated Within each sealing groove, said gaskets 
de?ning said test location and con?ning How of said 
pressurized test gas through said test location. 

4. The apparatus of claim 2, operatively connected to a How 
porometer and/or means for manually or automatically mov 
ing said test location isolating device along the length of said 
?ltration cartridge. 

5. The apparatus of claim 3, operatively connected to a How 
porometer and/or means for manually or automatically mov 
ing said test location isolating device along the length of said 
?ltration cartridge. 

6. A method for using a How porometer to determine pore 
structure characteristics of at least a portion of a ?ltration 
cartridge, comprising the steps of: 

a) providing a How porometer and a ?ltration cartridge for 
analysis; 
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b) placing a porometry test location isolating device of 
claim 2 in sealing contact With said ?ltration cartridge at 
a preselected test location of said cartridge; 

c) expanding said sealing means and increasing a test gas 
pressure of said porometer incrementally, such that said 
test gas is constrained to How through said ?ltration 
cartridge at said test location; 

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 differential gas pressure and gas ?oW rates 
through said test location; and 

i) converting said measured gas ?oW rates and differential 
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. 

7. The method of claim 6, further comprising the step of 
determining pore structure characteristics at different test 
locations along the length of said ?ltration cartridge by mov 
ing said test location isolating device to multiple test loca 
tions, measuring ?oW rates and differential pressures at said 
multiple locations, and converting said measured gas ?oW 
rates and differential pressures at said multiple test locations. 

8. The method of claim 6, 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. 

9. The method of claim 6, further comprising the step of 
determining variation in pore structure by measuring ?oW 
rate as a function of length. 

10. The method of claim 6, Wherein said test location 
isolating device is moved to said multiple test locations 
manually or automatically by said How porometer. 

11. The method of claim 6, comprising the step of deter 
mining said pore structure characteristics using the formula 
p:4y cos G/D or f:—[d(FW/Fd)><100]/dD. 

12. A method for using a How porometer to determine pore 
structure characteristics of at least a portion of a ?ltration 
cartridge, comprising the steps of: 

a) providing a How porometer and a ?ltration cartridge for 
analysis; 

b) placing a porometry test location isolating device of 
claim 3 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 How 
through said ?ltration cartridge at said test location; 

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 differential gas pressure and gas ?oW rates 
through said test location; and 
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i) converting said measured gas ?oW rates and differential 
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. 

13. The method of claim 12, further comprising the step of 
determining pore structure characteristics at different test 
locations along the length of said ?ltration cartridge by mov 
ing said test location isolating device to multiple test loca 
tions, measuring ?oW rates and differential pressures at said 
multiple locations, and converting said measured gas ?oW 
rates and differential pressures at said multiple test locations. 

14. The method of claim 12, further comprising the step of 
determining pore structure characteristics of said ?ltration 
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cartridge as a function of its length by performing tests at 
locations With increasing length. 

15. The method of claim 12, further comprising the step of 
determining variation in pore structure by measuring ?oW 
rate as a function of length. 

16. The method of claim 12, Wherein said test location 
isolating device is moved to said multiple test locations 
manually or automatically by said How porometer. 

17. The method of claim 12, comprising the step of deter 
mining said pore structure characteristics using the formula 
p:4y cos G/D or f:—[d(F“/Fd)><100]/dD. 

* * * * * 


