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ULTRASONIC DETECTION OF POROUS MEDIUM CHARACTERISTICS

BACKGROUND OF THE INVENTION

Quality assurance is an important aspect of membrane module fabrication. A
continuing need exists for improved nondestructive test techniques for the
characterization of membranes during the fabrication process, as well as during
operation of the membranes.

Ultrasonic testing has been previously used as a non-destructive test in the
characterization of membrane properties. For example, longitudinal waves
transmitted through a membrane from an ultrasonic source have been used as a
nondestructive method of membrane testing. Behavior of the longitudinal waves
within the membrane describe the physics of membrane formation, compaction, and
fouling in terms of sound wave propagation within the membrane.

The reflection and transmission of elastic waves in porous media has
received considerable attention because of the importance of the problem in
earthquake engineering, geophysics, and soil engineering. More recently, interest
has been generated in the area of applications for ultrasonic testing of porous
materials such as foams. The problem has also been explored because of interest in
the physics of the phenomena at a fundamental level and the possible impact on
measurements in other higher density materials.

Material property characterization in elastic plates and the measurement of
properties of layered plates using guided elastic waves are well-established
techniques in both geophysics and non-destructive evaluation of composite
materials. However, only some of these techniques are well suited for applications
in materials that are as thin as microporous membranes. In addition, the issues
associated with obtaining required material property values for even relatively thick

porous materials present a significant challenge.



WO 03/081226 PCT/US03/07463

10

15

20

25

30

2-

SUMMARY OF THE INVENTION

Detection of defects in microporous films, such as membranes, can be
performed by characterizing the propagation of plate waves in a porous film and
evaluating the scattering from a hole in the porous film.

One embodiment of the invention relates to a method for determining a
porous film characteristic. This method involves the steps of acoustically coupling
at least one transducer to a porous film, producing a plate wave in the porous film by
propagating an acoustic wave within the porous film, and obtaining a representative
signal for the porous film. The representative signal for the porous film can be
compared with a reference signal from a reference porous film. A porous film
characteristic is then determined. The porous film can be a membrane.

The at least one transducer can be acoustically coupled to the porous film at
an angle relative to the surface of the porous film or along an axis parallel to the
surface of the porous film. The at least one transducer can be impedance matched to
the porous film material, such as by attaching an epoxy resin coupling device having
a glass particle filler between the at least one transducer and the porous film. At
least one surface of the porous film can be in contact with a liquid medium or a
gaseous medium.

The step of determining the characteristic of the porous film can include
determining the material properties of the porous film, determining the total porosity
of the porous film, or determining the presence of a defect in the porous film. The
defect can be less than about one wavelength in size, for example.

The method for determining a porous film characteristic can also include the
step of distinguishing a fast compression wave and a slow compression wave in the
porous film. Fast compression waves are more sensitive to the total porosity of a
porous film and can be used to determine the porosity in a porous film or pore
fouling. Slow compression are less sensitive to porous film porosity and can be used
to indicate the presence of a defect in a porous film, the type of material that forms a
porous film, or porous film surface fouling, for example. The time difference

between the slow compression wave and the fast compression wave can be used to
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determine the total porosity of the porous film and/or the presence of defects in the
porous film.

Another embodiment of the invention relates to a method for determining a
material characteristic of a porous film. This method includes the steps of
acoustically coupling at least one transducer to a porous film, producing a plate wave
in the porous film by propagating a sound wave within the porous film,
distinguishing a slow compression wave in the porous film, and analyzing the slow
compression wave to determine a material characteristic of the porous film.

The material characteristic can include at least one defect within the porous
film, the type of material that forms the porous film, or the presence of porous film
fouling. Analysis of the slow compression wave can be performed by comparing the
slow compression wave with a reference slow compression wave.

| Another embodiment of the invention relates to a method for determining
total porosity in a porous film. This method includes the steps of acoustically
coupling at least one transducer to a porous film, producing a plate wave in the
porous film by propagating a sound wave within the porous film, distinguishing a
fast compression wave in the porous film, and analyzing the fast compression wave
to determine the total porosity of the porous film.

The analysis of the fast compression wave can be performed by comparing
the fast compression wave with a reference fast compression wave.

In another embodiment, a porous film characteristic of a porous film in a
filter device is determined. At least one transducer is acoustically coupled to the
porous film. A plate wave in the porous film is produced by propagating an acoustic
wave within the porous film. A representative signal is obtained for the porous film.
The representative signal for the porous film can be compared with a reference
signal from a reference porous film. The porous film characteristic is then
determined. A second transducer can be acoustically coupled normal to a surface of
the porous film for determining the pore size of the porous film.

If the polymer blend of a membrane differs from pore size to pore size,
certain embodiments of the invention can determine the membrane pore size, as well

as defects in the membrane. When the polymer blend does not differ, the membrane



WO 03/081226 PCT/US03/07463

10

15

20

25

30

A4

pore size can be determined by generating a second acoustic wave that is normal to a

first acoustic wave generated in the membrane.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, features and advantages of the invention
will be apparent from the following more particular description of preferred
embodiments of the invention, as illustrated in the accompanying drawings in which
like reference characters refer to the same parts throughout the different views. The
drawings are not necessarily to scale, emphasis instead being placed upon illustrating
the principles of the invention.

Figure 1 illustrates a plate wave propagating in a membrane.

Figure 2 and Figure 3 illustrate methods for transmitting a sound wave
through a membrane.

Figure 4 illustrates the coupling of a membrane to a transducer.

Figure 5 illustrates a signal produced by a transducer coupled to a membrane.

Figure 6 and Figure 7 illustrate direct coupling of a transducer to a membrane
at an angle relative to the surface of the membrane.

Figure 8 illustrates the non-contact coupling of a transducer to a membrane.

Figure 9 illustrates a plate having a hole used to model the system.

Figure 10 illustrates the relationship between the scattering cross section of a
hole in a plate, normalized by the radius of the hole, and a corresponding non-
dimensional wave number.

Figure 11 illustrates a comparison between a curve showing the scattering
cross-section of a fluid filled hole in a porous plate and a curve showing a scattering
cross-section for an empty hole in a dense plate.

Figure 12 illustrates the effect of porosity on a back scattered signal in a
membrane.

Figure 13 illustrates a membrane testing system.

Figure 14 illustrates an alternate configuration of a membrane testing system.

Figure 15 illustrates a signal showing the presence of fast compression waves

and slow compression waves in a membrane excited by a plate wave.

?
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Figure 16 shows a comparison of two signals produced in membranes.
Figure 17 shows a comparison of two Fourier transformed signals produced
in membranes.

Figure 18 illustrates the time delay of a fast compression wave.

DETAILED DESCRIPTION OF THE INVENTION
A description of preferred embodiments of the invention follows.

A membrane or a filter device containing a membrane can be
nondestructively tested using ultrasonic methods of generating a sound wave in the
membrane using an ultrasonic transmitter. The membrane acts as a wave guide for
the sound wave, carrying the sound wave along the length of the membrane. The
signal produced by the propagation of the wave in the membrane is a “fingerprint” of
the particular membrane being tested. This signal provides information relating to
the homogeneity of the material forming the membrane along with other
information. The presence of a defect in the membrane changes the fingerprint of
the membrane. Therefore, comparison of the fingerprint of a known defect-free
membrane with a test membrane provides information about the homogeneity of the
test membrane. In the illustrated embodiments, the ultrasonic transmitter is a
piezoelectric device. Alternatively, laser generation and detection can be used in
certain applications. \

While different types of waves can be produced in a membrane, plate waves
present advantages when used to detect membrane inhomogeneity or the presence of
defects because membranes are manufactured as porous structures having a
particular thickness. Plate waves can be used to evaluate the size of defects in the
membrane and the properties of the membrane material, including porosity. A plate
wave can be created in a material having a top free boundary and a bottom free
boundary, in contrast to a wave traveling in an unbounded material. Because
membranes have a relatively small thickness, a top surface of a membrane acts as a
top free boundary and a bottom surface of the membrane acts as a bottom free

boundary.
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Figure 1 illustrates a membrane 10, or more generally a porous film, having a
first or top free boundary 12 and a second or bottom free boundary 14. The first free
boundary 12 can abut a first vacuum 16 while the second free boundary 14 can abut
a second vacuum 18. Alternatively, either or both boundaries can abut a different
media. The presence of the boundaries 12,14 allows an elastic wave or acoustic
wave 20 to propagate along a propagation path 22 in the membrane 10. Elastic
waves are periodic, propagating disturbances in a solid medium and can include
longitudinal waves that travel along the direction of propagation 22 in the material
and that have a velocity that depends upon the elastic moduli of the material. Elastic
waves in a solid material can also include transverse or shear waves that travel
within the material at a direction perpendicular to the direction of propagation 22. A
plate wave is generated through the superposition of shear or longitudinal plane
waves in a bounded material. In order to create a plate wave in a material, the free
boundary surface of the material should be within approximately ten wavelengths of
the elastic disturbance. Therefore, a transducer that generates an elastic disturbance
or wave should be in proximity to or in contact with the surface of the material with
a wave direction of propagation that is parallel to the free surface in order to create
the plate wave.

As is shown in Figure 1, plate waves are created in a material where the free
boundaries 12,14 of the material abut a non-viscous, fluid medium. It should be
noted that plate waves also include Leaky Lamb waves where at least one of the free
boundaries of the material abuts a viscous fluid medium, such as water. Other types
of waves can propagate in a plate that contacts a solid material.

Plate waves are useful in detecting defects in a membrane because of the
potential to inspect relatively large areas in the membrane with a single
measurement. A plate wave in a perfectly elastic material attenuates less with
distance than a longitudinal wave. Since a membrane is not a perfectly elastic
material, attenuation of a plate wave within the membrane as caused by material
attenuation still exists, but the attenuation due to beam spreading, or spreading of a
wave along the two dimensions of a plane, is reduced. Therefore, the plate wave's

reduction in beam spreading and the ability to propagate long distances as a guided
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wave increases the area that can be inspected with a single ultrasonic transducer or a
pair of transducers. For example, a 10-MHz longitudinal wave transmitted from a
transducer and directed on the surface of a membrane has a focused area of about 0.2
mm?. The focus area of the transducer can be increased, but requires that the
transducer be scanned over the surface of the membrane to inspect the larger area.

In contrast, a single 10 millimeter flat transducer can be used to generate a plate
wave in a flat-sheet membrane such that the wave propagates over a distance of 300
mm. The area inspected with a plate wave created by a single signal would thus be
3,000 mm?®. The use of plate waves in membrane inspection, compared to the use of
longitudinal waves, increases the area of inspection by a factor of 15,000.

Figures 2 and 3 illustrate methods for transmitting a sound wave through a
membrane 10. Figure 2 shows a transducer 30 aligned along a long axis 42 of the
membrane 10. The transducer 30 includes a transmitter 32 and a receiver 34. While
the transmitter 32 and receiver 34 are shown as separate components of the
transducer 30, both the transmitter 32 and receiver 34 can be located within a single
transducer component housing and placed against one edge of the membrane 10, or a
single piezoelectric transducer can be used as both the transmitter and receiver. To
create a plate wave within the membrane 10, the transmitter 32 produces a sound
wave 44 which is transmitted through the membrane 10 along wave path 36 and is
received by the receiver 34.

Figure 3 illustrates an alternate configuration of the transducer 30 with
respect to the membrane 10. In this configuration, the transducers 30 are placed at
an angle 38 relative to a surface 40 of the membrane 10. As is illustrated, the
transmitter 32 directs a sound wave 36 at an angle 38 relative to the membrane 10.
The sound wave 44 travels through the membrane 10 along wave path 36 and is
received by the receiver 34.

The angle 38 formed between the transducer 30 and the surface 40 of the
membrane 10 is determined by the constants of the material that comprise the
membrane 10. For example, different types or styles of membranes are formed with
varying types of materials. The materials that form the different types of membranes

influence the refraction angle in the membrane and determine the angle required to
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create a plate wave in the membranes. When the transducer 30 generates a sound
wave 44 at an angle 38 relative to the surface of the membrane 10, the transmission
of the signal occurs at a refracted angle which is determined by the propagation of
the sound wave 44 in the coupling fluid by the membrane 10. Adjustment of the
angle 38 between the transducer 30 and the membrane 10 controls the amount of
energy that is coupled into the membrane 10 in the form of a plate wave and can be
used to match the energy needed to obtain the required signal from the membrane
10.

The transducer 30 can also be directly coupled to the membrane 10. A
coupling device can be used to provide such a coupling between the membrane 10
and the transducer 30. Figure 4 illustrates the direct coupling of a membrane 10 to
the transmitter 32 and receiver 34 of the transducer 30 by a coupling device 50. The
coupling device 50 can be secured to a surface of a membrane 10, such as by
clamping the device 50 to the membrane 10, for example, or can be directly cast
onto the membrane 10. The coupling device 50 connects the membrane 10 and the
transducer 30 along a long axis 42 of the membrane 10. Coupling along the long
axis 42 of the membrane 10 can be used in flat sheet or pleated membranes, for
example.

The coupling device 50 can include a tapered or curved portion 52 between a
transducer coupling surface 54 and a membrane coupling surface 56 of the device
50. The tapered portion 52 decreases the cross-sectional area of the coupling device
50 between the transducer 30 and the membrane 10 such that the membrane
coupling surface 56 has a smaller cross-sectional area than the transducer coupling
surface 54. The decrease in cross-sectional area of the coupling device 50 between
the transducer 30 and the membrane 10 allows the coupling device 50 or lens to
focus the sound wave from the transducer 30, having a relatively large diameter,
such as a diameter of 25 mm for example, toward the membrane 10 having a
relatively small thickness, such as a thickness of 100 micrometers.

For elastic waves, the transmission coefficient of the waves is a function of
the product of the wave speed and the density of the material through which the

waves are transmitted. This quantity is often referred to as the acoustic impedance,
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and is analogous to the electrical impedance within an electrical circuit. In order to
increase the amplitude of the signal transmitted into the membrane 10, it is necessary
to impedance-match the ultrasonic transducer 30 to the membrane material.
Impedance matching is important to maintain the amplitude of a signal within the
membrane 10 and can be achieved by using appropriate materials in the coupling
device 50 between the membrane 10 and the transducer 30.

The high impedance piezo-ceramic used in ultrasonic transducers normally is
impedance-matched to a material to be inspected. Contact transducers, for example,
are most commonly impedance-matched to metals. The acoustic impedance of steel
is approximately 45, whereas the impedance of polytetrafluoroethylene, a material
used to form membranes, is 3.0 and the impedance for water is 1.5 (all impedance
values times 106 kg/m?s). Thus, for a porous membrane 10, the acoustic impedance
match between the membrane 10 and the transducer 30 is relatively poor, since the
acoustic impedance of the membrane 10 is lower than the value for the fully dense
polymer.

Coupling devices 50 formed of a variety of materials and mounted to the
membrane in a variety of geometries can be used. For example, the coupling device
50 can be formed of a polymer, such as epoxy. The epoxy has an impedance value
of approximately 4.0 and provides an impedance match between the transducer 30
and membrane 10. The device 50 can also be formed of an epoxy resin having
second phase filler or a hollow glass particle filler, such as MICROBALLOONS™
filler. MICROBALLOONS filler is commercially available from W.R. Grace of
Columbia, Maryland. Use of MICROBALLOONS filler with the epoxy lens
decreases the base acoustic impedance of the epoxy by up to about seventy percent.
The distribution of the MICROBALLOONS filler within the epoxy can be graded to
avoid an abrupt transition in acoustic impedance within the coupler 50. This results
in an increase in the amount of energy propagated into the membrane 10. By
grading the distribution of MICROBALLOONS filler in the coupling device 60, the
impedance gradually decreases from the high-impedance piezo-ceramic to the

low-impedance membrane.
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Figure 5 shows the effect of the impedance matched coupling device 50 on
the amplitude of a plate wave propagated through a membrane 10. The top curve 60
illustrates a signal obtained in a membrane using an epoxy lens having a graded
distribution of MICROBALLOONS filler coupling a transmitter to a membrane.
The bottom curve 62 illustrates a signal obtained using an unfilled epoxy lens to
couple a transducer to a membrane. Both types of coupling devices produce a signal
within the membrane. With an unfilled epoxy lens on the transducer, however, the
amplitude of the received signal is only slightly above the noise threshold, shown in
curve 62. The use of the lens having a graded distribution of MICROBALLOONS
filler increases the amplitude of the received signal by approximately a factor of six,
shown by curve 60.

The amplitude of the wave put into the membrane is important in
determining the presence of defects in the membrane. By using a signal having a
relatively large amplitude within the membrane, the presence of defects within the
membrane can be more easily detected, compared to the use of a signal having a
relatively small amplitude. The technique of impedance matching the transducers to
the membrane 10 or placing the transducers at an angle with respect to a surface of
the membrane 10 controls the amplitude of the signal delivered to the membrane.
While the bandwidth of the signal can be large as shown, a narrow frequency
excitation can also be used.

While coupling of the transducers 30 to the membrane 10 along the long axis
42 of the membrane 10 is shown, coupling of the transducers 30 to the membrane 10
at an angle can also be performed. Figures 6 and 7 illustrate the direct coupling of
transducers 30 at an angle 44 relative to the surface 40 of a membrane 10. The
transducers 30 contact the membrane 10 using a coupling device 50 that matches the
impedance of the transducers 30 to the impedance of the membrane 10. The
coupling device 50 can include a wedge formed from an epoxy material, from an
epoxy material having a MICROBALLOONS filler, or from an acrylic material such
as plexiglass, for example. Also, as described above, the angle 44 formed between
the surface 40 of the membrane 10 and the transducer 30 depends on the material

and controls the refraction angle in the material. The angle is determined by the
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characteristics of the materials that form the membrane 10 as well as the materials
that form the coupling device 50.

As is illustrated in Figures 6 and 7, the membrane 10 includes transducers 30
located around a perimeter of the membrane 10. A plurality of transducers 30 can be
coupled to a membrane 10 in order to inspect a membrane 10 having a relatively
large surface area in a single step. The transducers 30 can include a transmitter 32
and a receiver 34 coupled at opposite sides of the membrane 10 at 180° relative to

each other. When testing a membrane having a relatively large surface area, the use

~of a single transducer 30 allows inspection of only a limited surface area of a

membrane 10. In order to inspect the entire area of the membrane 10 during an
inspection process using a single transducer, either the transducer 30 would have to
be positionally adjusted around the circumference of the membrane 10 or the
membrane 10 would have to be positionally adjusted relative to the transducer 30.
By comparison, the use of multiple transducers 30 positioned around the perimeter
of the membrane allows inspection of the entire surface of the membrane 10 without
the need to reposition either the membrane 10 or the transducers 30. Alternatively,
scanning of the edge can be performed using an air coupled method or laser
ultrasonics.

Figure 8 illustrates non-contact coupling of a transducer 30 to a membrane
10. At least one surface 74 of the membrane 10 can be in contact with a liquid
medium 70, such as water, for example. The transducer 30 is also in contact with
the liquid medium 70 and is coupled to the membrane 10 by the liquid medium 70.
The transducer 30 includes an impedance matching layer 76 to impedance-match the
transducer 30 to the liquid medium 70. During testing, an acoustic or ultrasonic
signal is transmitted to the membrane 10 through the liquid medium 70 and
generates a plate wave in the membrane. The signal is received by a receiver portion
of the transducer 30 and can be used to determine a characteristic of the membrane,
such as total porosity of the membrane, pore size distribution, or the presence of a
defect in the membrane.

While one surface of the membrane 10 is shown as being in contact with a

liquid, alternately, the membrane 10 can be dry and a liquid bead, such as formed by
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a gel, can be used to couple the membrane 10 to the transducer 30. The liquid bead
allows a non-contact coupling of the transducer 30 to the membrane 10.

Figure 8 also shows the placement of the transducer 30 at an angle 72
relative to a reference or reference line 78 normal to the membrane 10. This second
angle 72 or second critical angle depends upon the material characteristics of the
coupling fluid 70 and the membrane 10.

Because the properties of microporous membrane materials are not known to
have been characterized from the perspective of elastic wave mechanics, a
mathematical model has been developed to establish relationships between the
material moduli of a membrane and the porosity of a membrane. The effect of fluid
filling on wave scattering from a hole or a void in an elastic plate has also been
considered. The model considers scattering from a fluid-filled hole that extends
through the thickness of a porous, fluid-filled plate, and is related to the scattering
caused by a spherical inhomogeneity in a fluid-filled porous medium.

The configuration of the system to be modeled is illustrated in Figure 9. The
system includes an elastic plate 90 having a defect, represented by an aperture or a
void 92 in the plate. The aperture or hole 92 is assumed to completely penetrate the
plate 90, or porous membrane, in a region that is in a far field relative to the
ultrasonic transducer. The transducer can include a transmitter and a receiver that
propagates a symmetric longitudinal plate wave in the membrane 90.

M.A. Biot proposed a simple phenomenological model for acoustic wave
propagation in porous, fluid-filled macroscopically homogeneous and isotropic
media. This model incorporated the assumption that there exist volumes that are
large compared to the pore/grain size length-scale but that are small compared to the
wavelength of the elastic wave. Furthermore, each volume element is described by
the average displacement of the fluid U(r,t) and of the solid u (r,t). The equations of
motion are:

p11ﬁ+p12U= PYV(V-u)+QV(V-U)-NVxVxu
P+ U= QV(V-u)+RV(V-U)
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where P, Q and R are generalized elastic coefficients that can be related to the bulk
modulus of the material. Because the material is porous, three bulk moduli that are
indicated by subscripts are required to define the material. The bulk modulus of the
fluid, K, the bulk modulus of the solid K and the bulk modulus of the skeletal frame
5 ("jacketed and drained") K, define the two constituents and the structure of the
material. In addition the shear modulus of both the skeletal frame and of the

composite structure, N, is required. These moduli are then defined as:

s K,y 3

o={1--L |k /1K K
K, K, K,

5 5

S S

| K, K, K KL 4
P={[(1—)[1- -K)KS+K Kb]/(l P j}+ N

R="K / - &
K, K,

where @ is the porosity (fluid volume-fraction).

The density terms pij are related to the density of the solid p, and fluid p; by
10 pu=(1-Dp,+a-)Dp,
P =Na-1)Dp,
Py =P,

where ¢>1 is a purely geometrical quantity independent of solid or fluid densities.
The scalar displacement potentials of the fast and slow compressional waves
15 are]], ], respectively. The vector potential of the shear wave is ¥. The
displacements for the fluid-saturated porous solid are then obtained from the
potential function as

u=VIL+VI[ +Vx¥
U=-GVII, -G VI] +(1-a)Vx¥
20  where

G, = (Cipu - P)/(Ciplz -0)
A=Pp,+Rp, —20p,,
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The boundary conditions on the hole surface are continuity of normal stress,
disappearance of tangential stress, conservation of fluid volume, and the
proportionality between the discontinuity in pressure and the relative velocities in
porous media where the open-pore boundary condition is assumed. Figure 9 shows
the x-axis 94, y-axis 98, and z-axis 96 used in the derivation and the configuration of
the hole 92 having radius a 100 in the plate 90.

For harmonic waves, the average energy flux per unit area is defined by:
o, =(P-QG )k exp(ik,r)4, +(P— QG _)k2* exp(ik_r)B,

The scattering cross-section is defined by the ratio of the flux through the surface of
radius r (exterior to the hole) to the incident average energy flux. This relationship

yields:

-2 s Uygsiu.comcc
(P — QG+ )k+ n=0 {;‘n

/4

Other relationships, such as the velocity of the wave, involve a dependence
on the elastic constants of the membrane. These relationships can also be useful in
the characterization of defects, the structure, and the material characteristics of the
membrane.

Using the solution to the potential equations and the definition of the
scattering cross-section, the effective attenuation of an elastic wave due to the
presence of a hole of a known size in a porous plate can be calculated and, in
particular, the effect of the plate porosity on the séattered field from a hole can be
determined. The calculations utilize approximate material properties for a porous
polymeric material and specific material properties for polyvinylidene difluoride
(PVDF), a material used in the formation of membranes. The skeletal modulus and
density of the membrane are calculated from simple volume fraction arguments to be
K, = 0.38GPa and p, = 1.76Mg/m*. Water is assumed to fill the pores as well as the
hole from which the wave is scattered, and be appropriately described by
K#2.25GPa and p=1.00Mg/m’. In addition, the overall porosity of the material is

assumed to be forty percent, or @=0.40. Initial calculations are made for K, =N=0.
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The modeling shows the effect of material properties on the amplitude of the
scattered field and the significant reduction in the amplitude of the scattering cross-
section that occurs when defects are detected in a porous fluid-filled plate.

Results from the modeling show the ability to detect defects within a porous
membrane. Membranes having different porosities produce different scattering
patterns, depending upon the diameter of the hole or the defect within the
membrane. Figure 10 illustrates the relationship 110 between the scattering cross-
section of the void normalized by the radius of the hole (y/a) versus a non-
dimensional wave number, ka, where "a" is the radius of the hole and "k" is the wave
number and k=27/A. As in the case of an elastic plate, for smaller holes, a
monotonic increase in back-scattered amplitude occurs with an increase in frequency
or an increase in hole size, corresponding to an increase in the ka parameter.

Figure 10 also represents the effect of fluid filling and porosity on the
scattering from a void in a porous plate by an elastic wave. The magnitude of the
scattered field is reduced by more than a factor of four at ka = 1 by the presence of
porosity in the plate. This difference is much smaller for smaller diameter holes and
also is eliminated once the hole becomes large relative to the wavelength. These
results point to the difficulties that can be expected in the quantification of hole size
via elastic waves if the porosity of the material is not well characterized. When a
signal is obtained and the hole size is determined from the signal amplitude, a large
hole in a material with high porosity would produce the same signal as a smaller
hole in a plate with low porosity. Thus, determination of the membrane hole size
requires knowledge of the four material moduli as well as the porosity.

Figure 11 shows a comparison between a first curve 110 showing the
scattering cross-section for a void in a porous fluid filled PVDF membrane and a
second curve 112 plotted for the scattered field from an empty hole in a fully dense,
PVDF elastic plate. Curve 110 shows an attenuation of the signal in a porous plate
compared to the signal in a solid plate, as displayed by curve 112. The differences
between the scattering cross section for the porous membrane 110 and the dense
elastic plate 112 is caused by the amount of porosity of the membrane and the

presence of a dense fluid in the membrane. The difference between the signals as
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represented by the curves 110,112 is also dependent upon the bulk modulus of the
material forming the membranes and upon the type of fluid that fills the pores. For
example, a signal produced in a membrane having gas filling the pores can be
different from a signal produced in 2 membrane having fluid filling the pores.

The effect of the material properties and, in particular, the effect of various
membrane porosities on the back-scattered signal is shown in Figure 12. As the
porosity of the membrane is increased, the slope of the curve representing the
relationship between the normalized scattering cross section and the non-
dimensional wave number, decreases. Figure 12 also illustrates that the difference in
porosity among different membranes should be taken into account in order to avoid
either an overestimate or an underestimate of the defect size.

Figure 13 illustrates a membrane testing system 120 including a permeation
cell 136 and a pump 130. The permeation cell 136 includes a first chamber 122 and
a second chamber 124 where the second chamber 124 is located within the first
chamber 122. A membrane 10 is secured within the second chamber 124 and acts as
a barrier between the first chamber 122 and the second chamber 124. The first
boundary 12 of membrane 10 abuts a fluid medium 126 located within the first
chamber 122. The second boundary 14 of the membrane 10 abuts a gaseous medium
128 or dry portion within the second chamber 124. The gaseous medium within the
second chamber 124 is separated from the fluid medium 126 within the first
chamber 122 by the membrane 10. This arrangement allows the fluid medium 126
to pass through the membrane 10 and into the dry portion 128 of the second chamber
124 during testing of the membrane.

Fluid that moves through the membrane 10 and into the gaseous medium 128
of the second chamber 124 is removed from the second chamber 124 by a pump 130.
The pump 130 can be a peristaltic pump, for example. The pump 130 can be
attached to a bottom portion of the second chamber 124 by a pump connector 134,
such as a tube. Fluid from the second chamber 124 travels along path 132 through
the pump connector 134. The fluid is carried from the second chamber 124 and is

directed into the first chamber 122. Circulating the fluid within the permeation cell
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136 maintains a moderate fluid depth 138 above the membrane 10. The fluid depth
138 can be several centimeters in depth.

The membrane 10 includes a coupling device 50 that allows a transducer 30
to be coupled to the membrane 10. As shown, the transducer 30 includes a
transmitter 32 and a receiver 34. The testing frequency used in the system 120 is
dependent upon the size of a defect in the membrane. The higher the testing
frequency, the smaller the defect that is detectable by the system 120. For example,
transducers 30 having an operating frequency of 90-100 MHz can be used to detect
the preseﬁce of defects of less than five micrometers in size. Using transducers with
an increased operating frequency allows the detection of relatively smaller defects
within the membrane. The size of the defect that is detected in the membrane can be
decreased by in;:reasing the operating frequency.

The transducers 30 can be connected to a data acquisition device, such as a
computer, in order to store the signals obtained from the membranes. The stored
signals can then be compared electronically or visually to a reference signal to
determine the membrane characteristics of the membrane, such as the presence of a
defect in the membrane.

Figure 13 illustrates transducers 30 located along a long axis of the
membrane 10. The transducer 30 is used to determine the presence of defects within
the membrane 10. Figure 14 illustrates the use of a second sensor 140 mounted
approximately normal to the surfaces 12,14 of the membrane 10. The second sensor
140 can include both a transmitter 142 and a receiver 144. The second sensor 140
can be used to determine the porosity of the membrane 10 and can be used in
conjunction with the transducer 30 as part of the membrane testing system 120. The
second sensor 140 can be used to determine the pore size of the membrane 10.

Figure 15 illustrates a graph showing a signal or fingerprint of a membrane
obtained by creating a plate wave in a membrane using an ultrasonic source. The
signal 148 illustrates several phenomena, including the presence of fast compression
waves 150 traveling through the membrane 10, slow compression waves 152
traveling through the membrane 10, and a portion of the signal representing the

ultrasonic wave traveling through water 154. Fast compression waves 150 are
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sensitive to the total porosity of a membrane. Therefore, the fast compression waves
150 can be used to determine an unknown porosity of a membrane by comparing the
fingerprint or signal 148 of the unknown membrane to the fingerprint or signal of a
membrane having a known porosity. Slow compression waves 152 are less sensitive
to membrane porosity and are used to indicate material characteristics of a
membrane. For example, slow compression waves can be used to determine the
presence of a defect in a membrane, and the type of material that forms a membrane.
Slow compression waves can also be sensitive to the different types of polymer
blends that form the membranes. Since the moduli are dependent upon material
composition, the velocity of the slow compression waves can also tell the
consistency of blends of polymers forming the membrane. Furthermore, membrane
fouling caused by the use of the membrane as a filter can influence the slow
compression waves. Note that the fast compression waves are also influenced by
membrane fouling since the overall porosity of the membrane changes when it is
fouled.

The formation of fast compression waves and slow compression waves in the
membrane is caused by the superposition of plate waves within the fluid and solid
portions of the membrane. Transmission of plate waves along the membrane leads
to movement of fluid within the membrane's pores. The actual movement or
"sloshing" of the fluid inside the pores of the membrane is responsible for the
separation of the compression waves into fast compression waves and slow
compression waves within the membrane. The fluid within the pores of the
membrane can be a gas, such as air, or a liquid, such as water, for example.

Figure 16 illustrates a comparison between two curves 156 and 158
representing the fingerprints for two different membranes and shows the
applicability of slow compression waves in determining the presence of a defect

within the membrane. The first curve 156 represents the signal for a membrane

having a known porosity and no defects. An ultrasonic signal was delivered to the

membrane at a frequency of one MHz. The second curve, curve 158, represents a

signal for a membrane having the same porosity and same material composition of
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curve 156, and having a 0.7 mm void or defect within the membrane. Ultrasonic
testing of the membrane was also performed at a frequency of one MHz.

In comparing the defect-free membrane with the membrane having a defect,
a difference between curves 156 and 158 is present in the slow compression wave
area 152 of the curves. The amplitude of what isyeither the trailing edge of the first
compression wave or the slow compression waves for the membrane having the
defect is less than the amplitude of the slow compression waves for the defect-free
membrane. This comparison of the signals or fingerprints of a defect-free membrane
with a defect-inclusive membrane shows the ability of elastic plate waves to indicate
the presence of a defect within a membrane.

To more clearly show the difference in amplitude between curves 156 and
158, Figure 17 illustrates a Fourier transform of the slow compression wave area
152. The compression wave from the defect-free membrane, as shown by curve 156,
is shifted to the right of the wave measured in the defective membrane, as shown by
curve 158, while the total area below both curves 156 and 158 remains the same.

This indicates that the defect in the membrane slows the compression wave, but does

. not dissipate the energy of the wave.

The slow waves of Figure 15 can also be used as a calibration guide to
determine the integrity of a membrane after use. For example, during the process of
drug filtration, the membrane integrity should be determined after filtration is
completed to ensure that a defect has not been created in the membrane during the
filtration process. Presence of a defect or an increase in the porosity of the
membrane after the filtration process can indicate that the drug or solution was not
properly filtered by the membrane. To determine the integrity of the membrane after
the filtration process, the membrane is first cleaned to remove any proteins that have
adhered to the membrane during the filtration process. A signal is then transmitted
through the membrane and the slow wave traveling through the membrane is
determined. A comparison of the slow wave after cleaning of the filter and with the
slow wave from a reference membrane or from the membrane prior to filtration of

the drug can indicate the presence of a defect in the membrane.
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The slow wave can also be used to determine whether a filter has been
cleaned adequately such that the filter can be used in subsequent filtering processes.
In certain applications membranes can be reused. However, in order to be reused,
the membranes should be adequately cleaned to prevent cross contamination
between one batch of solution to be filtered with another batch.

‘While the slow wave can be used on its own to determine the integrity of the
filter, depending on the material that forms the membrane, both the slow wave 150
and the fast wave 152 can be used to determine the integrity of the membrane. For
example, comparison of the ratio of amplitudes between the slow wave 150 and the
fast wave 152 can be used to determine the cleanliness of a membrane. The ratio of
amplitudes can be determined using several different methods. For example, the
signal processing can be used to determine when the peak energy from the slow
wave arrives and when the peak energy of the fast wave arrives in the membrane.
Cross correlation of these peak energies can be employed to determine the integrity
of the filter or the cleanliness of the filter. This process is based upon using the
relatively high sampling rate of the signal in the membrane. In another method, the
phase difference between the slow wave 150 and the fast wave 152 can be
determined using Fourier transforms. A phase shift indicates the presence of a
defect in the membrane. Time measurements can also be used to determine the
integrity of the filter. That is, the occurrences when the energy peaks hit the
membrane at different times can indicate the integrity of the membrane. Note that in
addition to providing information about defects in the membrane, the time difference
between the peaks of the slow and fast compression waves can provide information
about membrane fouling.

Figure 18 illustrates a comparison of the time delay of fast compression
waves in membranes having varying pore sizes. As stated above, fast compression
waves are sensitive to the total porosity of a membrane. To determine the effect of
pore size on the fast compression waves, three different membranes having the same
porosities but different pore sizes were tested. Membranes having a 0.1 micrometer
pore size, a 0.2 micrometer pore size and a 0.45 micrometer pore size were tested by

propagating an acoustic wave through the membranes and evaluating the resulting
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signal. The membranes having the 0.1 micrometer and 0.2 micrometer pore sizes
were formed of the same polymer blend while the membrane having the 0.45
micrometer pore size was formed of a different polymer blend than the 0.1
micrometer and 0.2 micrometer pore sized membranes.

Figure 18 illustrates the time delay of the fast compression wave in the
membranes having a 0.1 micrometer pore size 170, a 0.2 micrometer pore size 172,
and a 0.45 micrometer pore size 174. The time delay of the fast compression wave
for two reference samples 176, 178 was also determined. Figure 18 shows little
difference in the time delay of the fast compression wave between the membrane
having the 0.1 micrometer pore size and the membrane having the 0.2 micrometer
pore size. There was a difference between these two membranes and the membrane
having the 0.45 micrometer pore size. The difference, however, is because the
membrane having the 4.5 micrometer pore size is made from a different polymer
blend than either the membrane having the 0.1 micrometer pore size or the
membrane having the 0.2 micrometer pore size. The graph shows that fast
compression waves are sensitive to the type of polymer blend that forms a
membrane but are not sensitive to pore size. Generally, the moduli of a membrane
affects the time delay of fast compression waves within the membranes.

The process of using time delay of fast compression waves to distinguish
membrane materials can be applied in the determination of the type of materials that
forms a membrane having an unknown composition. For example, in the case where
a membrane is unidentified by a marking or a label, measurement of the time delay
of the fast compression waves in the membrane can provide information to
characterize the material forming the membrane. Such an application can also be
used in quality control during manufacture of a filter having a membrane. For
example, membranes are formed from a blend of materials. Prior to incorporating
the membranes as part of a filtering device, the variability of the materials that form
the membrane is unknown. Measuring the time delay of the fast compression waves
in the membranes can be done before the membranes are incorporated into the filter
device to determine the variability of the materials forming the membrane. If the

variability is determined to be too great in a quality review process, the membranes
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can be discarded prior to incorporation within a filtering device. Such an application
allows for quality control during the manufacturing process.

While the measurements shown have assumed a linear response, a non-linear
response of the membranes to the signals can also be used to determine
characteristics of the membrane. For example, if a signal having a 10 MHz
frequency is delivered into the membrane and a signal having a frequency of 10.1
MHz is received from the membrane, such a signal is non-linear. This non-linear
response can be used to determine characteristics of the membrane, such as
membrane fouling. The non-linear response can be produced in a membrane when

the membrane is either wet or dry.
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CLAIMS

‘What 1s claimed is:

A method for determining a porous film characteristic comprising the steps
of:

a) acoustically coupling at least one transducer to a porous film;

b) producing a plate wave in the porous film by propagating an acoustic

wave within the porous film;

c) obtaining a representative signal for the porous film; and
d) determining the porous film characteristic from the representative
signal.

The method of claim 1 further comprising acoustically coupling the at least

one transducer to the porous film at an angle relative to the surface of the

porous film.

The method of claim 1 further comprising acoustically coupling the at least
one transducer to the porous film along an axis parallel to the surface of the

porous film.

The method of claim 1 further comprising impedance matching the at least

one transducer to the porous film material.

The method of claim 4 further comprising attaching an epoxy resin coupling
device having a glass particle filler between the at least one transducer and

the porous film.

The method of claim 1 wherein the step of determining the characteristic of
the porous film comprises determining the material properties of the porous

film.
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The method of claim 1 wherein the step of determining the characteristic of

the porous film comprises determining the total porosity of the porous film.

The method of claim 1 wherein the step of determining the characteristic of
the porous film comprises determining the presence of a defect in the porous

film.

The method of claim 8 wherein the defect is less than about one wavelength

in size.

The method of claim 1 further comprising distinguishing a fast compression

wave and a slow compression wave in the porous film.

The method of claim 10 further comprising determining the time difference

between the fast compression wave and the slow compression wave.

The method of claim 11 wherein the step of determining the characteristic of

the porous film comprises determining the total porosity of the porous film.

The method of claim 11 wherein the step of determining the characteristic of
the porous film comprises determining the presence of a defect in the porous

film.

The method of claim 1 wherein at least one surface of the porous film

contacts a liquid medium.

The method of claim 1 wherein at least one surface of the porous film

contacts a gaseous medium.

The method of claim 1 further comprising coupling a second transducer

normal to a surface of the porous film.
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The method of claim 16 further comprising determining the porosity of the

porous film.

The method of claim 16 further comprising determining the pore size of the

porous film.

The method of claim 1 further comprising comparing the representative
signal for the porous film with a reference signal from a reference porous

film.

The method of claim 1 wherein the porous film is a membrane.

The method of claim 1, wherein the step of obtaining a representative signal
for the porous film includes distinguishing a slow compression wave in the
porous film and the step of determining the porous film characteristic from

the representative signal includes analyzing the slow compression wave.

The method of claim 21 wherein the porous film characteristic indicates the

type of material that forms the porous film.

The method of claim 21 wherein the porous film characteristic indicates

porous film fouling.

The method of claim 1, wherein the step of obtaining a representative signal
for the porous film includes distinguishing a fast compression wave in the
porous film and the step of determining the porous film characteristic from

the representative signal includes analyzing the fast compression wave.

The method of claim 24, wherein the porous film characteristic indicates

total porosity.
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26.  The method of claim 1, wherein the porous film is a component of a filtering

device.
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