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This article demonstrates that 3-D magnetic resonance imaging (MRI) provides suffi-
cient spatial resolution to visualize accurately the internal architecture of a 10-in. car-
tridge filter and housing. A paramagnetic material ( < 5- wm iron-oxide particles) used
as the contaminant, together with a gradient-echo imaging sequence, enables location of
the areas on the filter surface where the particles are deposited, even at the earliest stages
of blocking. The magnetic susceptibility contrast mechanism of MR imaging sequence
and particulate matter produces a far larger volume reduction in MR signal than that
generated by the actual displacement of fluid by the particles. Using this spatial amplifi-
cation effect, the temporal performance of the filter was studied by imaging the deposi-
tion of 3.75 g of the particulate material at ten incremental stages of blocking. Blocking
is heterogeneous initially, both longitudinally along the filter length and radially across
the transverse sections, and continues to be heawvier in the areas of initially greater depo-
sition as more material is entrapped. The correlation between the areas of heavy block-
ing and the internal support structure of the filter cartridge is discussed, since those
regions appear to be strongly related to the cartridge body design. In a separate set of
experiments, the 3-D flow field of a Newtonian fluid through the filter system was mea-
sured for an unblocked filter. These measurements also show some correlation between
the spatial heterogeneity of particulate deposition and the heterogeneous flow paths of
liquid through the filter.

Magnetic Resonance Imaging of the Filtration

Herchel Smith Laboratory for Medicinal Chemistry, University of Cambridge School for Clinical Medicine,

Introduction

The removal of particulate matter from fluid suspensions
is of fundamental importance to a wide range of industries,
including fuel (automobiles, central heating boilers); chemi-
cal and pharmaceutical manufacturing and analysis; domestic
and industrial water customers and the water treatment in-
dustry. The diversity of these applications has resulted in a
wide variety of filter design, ranging from the simplest filter
papers used in coffee machines, to sophisticated porous mi-
cro-membrane filters used in kidney dialysis units. Conven-
tionally, there are two distinct classifications of filtration
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mechanisms: accumulation of the solid on the filter medium,
or retention of the solid within a deep porous bed. The pre-
sent study has concentrated on the mechanisms of surface
filtration, although the same techniques could also be adopted
for retentive filter studies.

Although there are a number of analytical methods which
can be used to monitor the efficiency with which a particular
filter operates, for example, the measurement of pressure
change across the filter medium, in practice the industrial
use and design of filters tends to be based on experience.
Given the substantial capital and environmental running costs
associated with industrial filtration, it would clearly be of
great interest and potential importance to have direct, real-
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time visualization of the filtration process. Ideally, such mea-
surements should provide quantitative, as well as qualitative,
data on the temporal and spatial variations of the filtration
process. The principle purpose of this article is to demon-
strate that this objective can readily be achieved using Mag-
netic Resonance Imaging (MR1). Although MRI is primarily
used in a clinical setting for obtaining high resolution images
of internal structures of the human body, it is also commonly
used to visualize the location of water in a wide range of
porous media such as rock or food. In addition, MRI is
uniquely capable of measuring in three dimensions the flow
velocity field of fluids such as water or oil as they move
through opaque media. Consequently, it is possible to quanti-
tate in three dimensions the flow velocity field of a fluid as it
circulates inside a filter housing and passes through the filter
membrane and to demonstrate that it is the spatial hetero-
geneity of this flow which results in nonuniform blocking of
the filter.

Previous MRI studies in the field of filtration have in-
cluded its use to: measure the flow field in hollow fiber mem-
branes (Heath et al., 1990; Yao et al., 1995); follow the poros-
ity of a filter cake in a test system designed to model the
filtration and expression of slurry (Laheij et al., 1996); and
monitor the invasion and clogging of clay in porous rock un-
der fluid pressure (Fordham et al., 1991).

Since the present study makes use of a number of MRI
techniques which will be unfamiliar to those involved in fil-
tration, it is appropriate to provide here a brief introduction
to them. MRI exploits the phenomenon of nuclear magnetic
resonance (NMR), which was originally demonstrated by
Bloch and Purcell in 1946 and is the basis of NMR spec-
troscopy (Bloch et al., 1946; Purcell et al., 1946). The first
MRI experiment was performed by Lauterbur (1973) and, in
the subsequent 25 years, the field of MRI has grown enor-
mously both in terms of improvements in image quality and
speed of acquisition, but also in the range of possible imaging
experiments and applications. Its principle role is as a power-
ful, medical diagnostic imaging modality, providing totally
noninvasive anatomical medical images of astonishingly high
resolution and contrast (Gadian, 1982; Morris, 1986). How-
ever, MRI has also proved to be an extremely flexible tool for
visualizing and quantitatively measuring dynamic physical
phenomena such as fluid flow and diffusion in both organic
and nonorganic systems (Conturo et al., 1995; Kose et al.,
1985; Price et al., 1985). For a complete introduction to the
subject, the following texts provide an excellent general guide
to the theory and practice of MRI (Callaghan, 1991; Ernst et
al., 1987); the review article by Gladden (1994) provides a
comprehensive survey of the use of MRI in chemical engi-
neering applications.

In conventional MRI, image-intensity and contrast be-
tween different elements of the sample is provided by the
density of water protons in a given location together with their
intrinsic relaxation. Those relaxation properties are a func-
tion of the local molecular environment in which the nuclei
are found, and their relative contribution to image contrast
can either be enhanced or suppressed depending on the pa-
rameters of the imaging experiment. In addition, the MR sig-
nal obtained from protons at a given location may be reduced
by the presence of neighboring material which has an intrin-
sic magnetic susceptibility greatly different from that of the
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magnetic susceptibility of the molecules containing these pro-
tons. It is usual to attempt to minimize this effect as much as
possible as it can result in unwanted image artefacts and loss
of MR signal. However, in the series of experiments de-
scribed in this article, novel use is made of the magnetic sus-
ceptibility difference between the iron species in the particles
and water to provide a high level of image contrast between
the deposited particles, the filter medium, and the surround-
ing water. The iron (111) oxide used as the particulate matter
to be filtered has very high magnetic susceptibility relative to
that of water, and its presence can be detected due to a sup-
pression of the signal from the neighboring volume of water.
The use of this technique gives rise to a spatial amplification
effect in which the volume of surrounding water from which
the signal has been suppressed is considerably larger than the
actual volume occupied by the deposited matter.

Experimental Methods

All MRI measurements were made using an Oxford Instru-
ments 100 cm bore, 2 Tesla superconducting solenoid magnet
connected to a modified Bruker MSL-400 console operating
under TOMIKON software (Bruker Medzin Technik GmbH,
Karlsruhe, Germany). The magnetic field gradient set was
designed and built in-house and its wiring configuration was
automatically generated using software based on a genetic
algorithm (Fisher, 1996). The set used for horizontal experi-
ments was mounted on a cylindrical plastic former (24 cm
internal diameter, 45 cm long), which was capable of produc-
ing a maximum field gradient strength of 1.77 mT/m. A
guadrature birdcage R.F. probe of 16 cm ID (built in-house)
was used for the experiments. All MR data were transferred
from the Bruker Aspect 3000 computer to a network of UNIX
workstations by means of in-house hardware and software.
2-D image visualization and analysis was performed using in-
house software based on the CAMRES libraries (CaMReS,
Dr. N. J. Herrod). 3-D images were rendered on a Silicon
Graphics workstation using the volren volume rendering soft-
ware.

Filter details

The filters used were 10 in. PALL fluted paper cartridge
filters, housed in a PALL polypropylene casing (Pall Trinity
Micro Corp., Cortland, NY) and rated with a pore size rang-
ing from 7 to 9 um. The filters are cylindrical in shape with
the pleated folds of the filter media held onto a plastic for-
mer which contains holes through which the filtrate passes.
That fluid passes from the outside of the filter surface to the
inside of the filter body leaving the contaminant deposited on
the filter surface. The filter and housing is shown in Figure 1.
To facilitate repeated measurements, the filter casing was
mounted inside a perspex cylinder; this was securely fastened
to the inside of the bore of the R.F. probe which was in turn
fitted to the inside of the bore of the gradient set.

Particulate matter and filtrate

All static imaging experiments which involved the visual-
ization of blocking were performed using iron (111) oxide par-
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Figure 1. Internal architecture of the filter and its housing.
Arrows indicate the direction of fluid flow through the filter.

ticles of diameter <5 micron (+99%, cat. no. 31,005-0
Aldrich Chemical Company, Milwaukee, WI1). Particle analy-
sis performed at Eastman Kodak, Rochester, NY showed that
mean particle diameter of these beads is 2.4+ 1.08 um; the
median diameter is 2.27 um and the modal diameter is 2.423
pum.

The challenge solution was 20 mM aqueous copper sulfate
which was chosen to reduce the longitudinal (T1) relaxation
time constant of water from approximately 2.5 s to approxi-
mately 50 ms in order to facilitate faster imaging times.

Details of the flow equipment used

The arrangement of magnetic resonance flow imaging ap-
paratus is shown in Figure 2. An electromagnetically driven
gear pump (Integral Series 120 pump, Micropump Inc., Van-
couver, WA) was used to provide a constant rate of fluid flow
to the filter. The inlet and outlet pressure in the delivery
system was continuously monitored during the experiment us-
ing pressure monitors. The flow rate was measured gravimet-
rically at the outlet pipe.

Care was taken to ensure that as much air as possible was
expelled from the filter body and, in particular, that there
were as few small air bubbles as possible trapped at the filter
surface; this is necessary as the air bubbles give rise to sus-
ceptibility artefacts which are similar to those of the iron (I11)
oxide particles. The procedure for eliminating air was to
pre-fill the filter housing with clean challenge solution before
placing the filter inside the filter housing. Clean fluid was
then passed through the filter system from inlet to outlet un-
til no more air bubbles were observed to leave the filter hous-
ing, even on agitation. The direction of flow was then re-
versed and again the clean fluid was passed through the filter
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system until no more air was observed to leave the filter sys-
tem.

Details of MR experiments

The MRI experiments were divided into two categories:
first, static imaging of the filter with no flow to determine the
location of the deposited iron-oxide particles; secondly, dy-
namic imaging of the fluid flowing through the filter in order
to measure the flow velocity field.

For static imaging, two imaging protocols were employed.
High-resolution 3-D gradient-echo imaging of the clean filter
filled with the challenge solution was employed to show the
internal filter architecture. A GEFI imaging sequence (Frahm
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Figure 2. Flow rig used for this study.
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et al., 1986) was used to acquire these images in 40 min, us-
ing the following MR parameters: TR =200 ms, TE =10 ms,
flip angle = 45°, nex = 2; the field of view (FOV) was 12X 12
X 15 cm with a matrix size of 256 X 256 X 64 giving a resolu-
tion of 0.47x0.47 % 2.4 mm. (The lower resolution was along
the length of the filter.)

The location of the deposited iron oxide particles and the
progress of deposition over time was monitored via a series
of 10, fast 3-D MR scans. A spoiled GRASS (SPGR) imaging
sequence (Zur et al., 1991) was used to acquire each of these
images in 10 min, using the following MR parameters: TR =
30 ms, TE = 7.5 ms, flip angle = 45°, nex = 1, the field of view
(FOV) was 12 X 12 X 24 cm with a matrix size of 256 X 256 X 64
giving a resolution of 0.47 X 0.47 X 3.75 mm. (Again the lower
resolution was along the filter axis.)

Initially, the filter system was filled with clean challenge
solution and placed inside the MR imaging hardware as
shown in Figure 2. The “clean’ reservoir was filled with clean
challenge solution and the ““‘contaminated” reservoir was filled
with challenge solution mixed with the iron (I111) oxide pow-
der at a concentration of 0.0625 g/L. Complete mixing was
achieved by continuously stirring the suspension with an
overhead stirrer.

The first 3-D MR scan was performed as specified above.
The flow was then turned on, and, for 90 s, fluid from the
contaminated reservoir was allowed to flow through the filter
and then to the waste collection vessel; the flow rate was 4.5
L/s. After 90 s, the flow was then switched to the clean fluid
reservoir and all contaminated fluid was flushed through the
filter for one minute. The output was then redirected to-
wards the clean reservoir for recirculation and the flow rate
was measured gravimetrically at the outlet pipe, and inlet and
outlet pressures to the filter were noted. The flow was then
stopped and the second 3-D MR scan was acquired using the
same imaging protocol as before.

When that scan had been acquired, the flow from the con-
taminated reservoir was restarted for another period of 90 s
and the blocking/imaging cycle as described above was re-
peated; that is, after the 90 s of contaminated fluid flow, the
flow was switched to the clean fluid reservoir for 60 s, the
pressures and flow rate were measured, the flow was stopped,
and a 3-D MR scan was acquired.

A total of 10 MR scans were acquired, and, throughout the
experiment, the flow rate remained constant at 4.5 L/min,
and inlet /outlet pressures remained constant at 270 mBar and
90 mBar, respectively. The concentration of iron (I11) oxide
particles in the contaminated reservoir was 0.0622 g/L and,
therefore, each period of 90 s of contaminated fluid passing
through the filter led to 0.42 g of iron (111) oxide particles
being presented to the filter.

During the dynamic imaging, flow of clean challenge solu-
tion through the filter system was kept constant at a rate of
4.5 L/min. A 2-D multislice flow-encoding imaging sequence
(low angle motion encoding or LAME) was used with the
following MR parameters: TR =1,500 ms, TE =12.1 ms, flip
angle = 30°, nex = 1; the field of view (FOV) was 12 cm? us-
ing a 3.33 mm slice thickness with a matrix size of 256 X 256
giving a resolution of 0.47x0.47 X 3.75 mm and a total of 45
orthogonal slices were acquired. 3 q values were used to en-
code velocities in each of the three orthogonal directions (x,
y, and 2z), leading to the acquisition of seven datasets; the
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Figure 3. (a) Clean filter, partially cut away to reveal in-
ternal support structure; (b) 2-D image of a
5-mm transverse slice through the clean filter
in the housing; (c) 3-D rendered MR image of
a 12-cm section of a clean filter.

The fine gray line in (a) surrounding the filter is the plastic
mesh which surrounds the filter surface. The pleated filter
surface, internal filter structure and central support rod are
all clearly shown. MR acquisition parameters are listed in
the text.

values of 6 and A used were 5 ms and 6 ms, respectively. The
total time required to acquire all datasets was 50 min.

Results and Discussion

2-D and 3-D-rendered MR images of the filter as held in-
side the filter body are shown in Figure 3; a photograph of
the filter (partially cut-away) is shown for comparison. The
3-D MR image is displayed with reverse contrast to that of
the acquired MR dataset; that is, those parts of the filter and
housing from which there is no MR signal are rendered as
solid objects (bright white), whereas all signal from the sur-
rounding fluid has been inverted so as to render it transpar-
ent. The pleated structure of the filter is clearly shown to-
gether with the plastic former on which the filter material is
mounted and the central rod that secures the whole filter
element within the housing. The location of the holes in the
former is important, as subsequent experiments have impli-
cated this structure in the heterogeneous blocking of the fil-
ter.

As stated in the introduction, the spatial amplification ef-
fect of using paramagnetic iron (111) oxide particles is to sup-
press the MR signal from a surrounding volume of water that
is much greater than the volume of space occupied by the
beads themselves. This gives a much greater apparent thick-
ness of deposited particles than their actual dimensions. This
is clearly illustrated in Figure 4 in which a 2-D MR image
and a 3-D rendered MR image (partially cut-away) of a
blocked filter is shown in comparison with a photograph of
the same filter. As with the previous 3-D MR image, reverse
contrast was used so that only those voxels which contain no
signal are rendered as solid structures. From this image, it is
evident that the blocking of the filter is heterogeneous along
the length of the filter and the areas of greatest blocking oc-
curs in bands along the length of the filter. This banding can
also be seen on the photograph of the filter.

Figure 5 shows the progression of two spatially different
transverse sections of the filter as the iron oxide particles
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Figure 4. (a) Section of a partially blocked filter show-
ing banding of contaminant deposition; (b) 2-D
image of a 5-mm transverse slice through the
same blocked filter in the housing; (c) 3-D
rendered MR image of a 12-cm section of the
same blocked filter.

The accumulation of material at the apex of the filter media
can be clearly seen in the 2-D image and is indicated by the
arrows in the 3-D image. MR acquisition parameters used
are listed in the text.

accumulate over time; the contrast shown is that of the origi-
nal MR dataset which is such that voxels containing no sig-
nal, either due to the lack of fluid or the presence of iron
oxide particles, are rendered in black. Both these sections
have been chosen as being typical of regions of the filter which
have either been lightly blocked or heavily blocked. From
these images, it can be seen that initial blockage occurs mainly
at the folds of the pleated filter media for both lightly and

heavily blocked sections. For lightly blocked regions, this ac-
cumulation of the iron oxide continues to be predominately
at the folds of the filter media. For the heavily blocked re-
gions, the entire surface of the filter media has become coated
with the iron oxide particles. In a subsequent experiment, the
direction of flow in the filter was reversed from the inside of
the cartridge to the outside. In that experiment, it was noted
that the major blocking occurred only on the outer folds of
the filter, suggesting that the flow pattern through the filter
critically affects the distribution of particles; interestingly, it
was noted that banding again occurred along the length of
the filter.

The graph in Figure 6 shows the gross progressive blocking
of the filter over a 19 cm long section of the filter; each data
point represents the mean signal loss between the clean filter
and the filter after t = n minutes of flow of the contaminated
solution. The location of the holes in the plastic former of
the filter cartridge is also shown. The magnitude of this sig-
nal loss is qualitatively related to the amount of material de-
posited on a given transverse section of the filter. The rela-
tionship between this mean signal change in a given section
and the amount of iron oxide deposited is not linear, as it
depends not only on the total amount of paramagnetic mate-
rial present, but also on its local distribution. As a paramag-
netic material accumulates in a given region, the degree of
signal loss due to that material in an MR image of that re-
gion and the surrounding area initially shows a rapid in-
crease, until most of the signal in that region is destroyed, at
which point the increase in signal loss grows much more
slowly. This phenomenon is seen in the graph in Figure 6 as a
decrease in the rate of signal loss with iron oxide accumula-
tion, as the saturation point of local signal loss is reached.

This graph illustrates several important features about the
nature of blocking in this filter. First, as blocking progresses,

Figure 5. Lightly blocked transverse section of the filter (frames a—d) vs. a heavily blocked transverse section (frames

e-h).

Its shows the accumulation of iron oxide particles at four successive time points: t=0, t=1.5, t =3, and t = 4.5 min of contaminated fluid
flow. The heavily blocked transverse section showed was located 8 cm below the top of the filter, 4 mm below the hole in the central
distribution pipe, and the lightly blocked section is located 25 mm below that section.

10 January 2000 Vol. 46, No. 1
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Figure 6. Change in signal intensity over a 19-cm length of the filter is shown above.

Each data point represents the mean signal loss between the clean filter and the filter after t = n minutes of flow of the contaminated
solution. The magnitude of this signal loss is qualitatively related to the amount of material deposited on a given slice through the filter.
The location of the holes in the plastic former of the cartridge are also shown.

the blocking becomes increasingly heterogeneous along its
length, and that those areas of the filter on which the iron
(111) oxide particles are initially deposited continue to be the
areas on which the iron oxide particles accumulate most
heavily. One possible explanation for this may be that the
accumulation of particles in a given region initially blocks the
larger pores in that region, leading to a reduction of the local
rating of the filter media in that area and, hence, the trap-
ping of an increasing number of smaller particles in that re-
gion. Some evidence for this hypothesis is given by particle
analysis studies of the operation of this type of filter in which
the global rating of a filter is commonly observed to decrease
over time (Guyon, 1988).

The cause of this banding is likely to be related to the
structure of the plastic former which supports the filter me-
dia in the cartridge. This structure contains a number of holes
which are regularly spaced and through which the fluid flows
and returns to the outlet of the filter body. It may be that
these are responsible for producing a heterogeneous flow field
within the filter which in turn leads to its heterogeneous
blocking. The location of these holes within the former are
shown on the graph and, from this, we can see that the peri-
odicity of their location is related to the periodicity of varia-
tion in the initial blocking. However, this relationship is not
simple and it cannot be said that the presence or absence of
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holes in a given transverse section necessarily leads to light
or heavy blocking in that section.

Figure 7 shows the results of the MR velocimetry in one
transverse slice for the x, y and z components of velocity
within a clean filter. The greatest flow velocities occur longi-
tudinally, along the length of the filter body (z-axis) as fluid
flows down the filter body and returns through the central
portion of the filter, after having passed through the filter.
For the fluid outside the filter, these high longitudinal veloci-
ties (z-axis) are confined to the space outside the fine plastic
mesh and reach a maximum velocity of 5 cm/s. Inside this
mesh, in the space surrounding the filter media, those veloci-
ties drop immediately to 1 cm/s and fall away to zero to-
wards the center of the filter. This rapid passage of fluid along
the edge of the filter may explain why the progressive block-
ing study showed that the outermost folds of the filter experi-
ence greater blocking than the middle part of the filter media
surface as these would be exposed to more contaminant per
unit of time than the inner surfaces of the filter media.

The greatest axial velocities (x and y axes) are to be found
at the inner folds of the filter as fluid is funnelled down the
pleats of the filter and before passing through the filter me-
dia. From the pregressive blocking study, it is known that the
areas of greatest blocking occur at these inner folds and these
higher velocities imply a greater passage of fluid through that
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Figure 7. X, Y and Z components of velocity as measured passing through one typical 3.33-mm transverse section of

(b).

gy (T

the filter.

Note that the z component of velocity, aligned along the center of the filter, is much greater than the x and y components along the central
return space and around the outer perimeter of the filter. This section is located 6 cm from the bottom of the filter. The MR parameters
used are listed in the text.
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Figure 8. Longitudinal velocity measurements over a 10-cm length of the filter at three different points.

12

The location of each point is indicated in (a), and, for each point (b, ¢, and d), a graph is given showing the measured x, y, and z velocity
components. Graph (b) shows a point at which the x and z components of velocity oscillate according to whether the axial position is
adjacent to a hole in the support structure or not. The y component of velocity is close to zero and is stable along that length of filter.
Graph (c) shows a corresponding point, equidistant from the central rod and rotated through 90° about the central axis. As would be
expected from symmetry, at this point, the y and z components of velocity oscillate according to whether the axial position is adjacent to a
hole in the support structure or not, and the x component of velocity is stable and close to zero. Graph (d) shows a point at which the flow
field is not impinged by the fluid rushing out of the holes, and, at this location, the z component of velocity increases steadily, rising from 3
cm/s to 10 cm/s over 10 cm as the fluid approaches the outlet. The x component of velocity is constant and close to zero, whereas the y
component of velocity is constant and negative suggesting the presence of small circular currents running along the edge of the central rod.

January 2000 Vol. 46, No. 1 AIChE Journal



portion of the filter media per unit time which would explain
this phenomenon. The x and y components of velocity also
show very clearly the fluid passing through the holes in the
former into the central section of the filter. There are circu-
lar currents found in this central region which may be formed
as the fluid spurts through the holes, hits the central support
rod, and is then deflected back away from the center of the
filter.

Figure 8 shows the longitudinal velocity measurements over
a 10 cm length of the filter at three different points within
the central return space of the filter, the locations of these
points are shown in Figure 8a. The two points (b) and (c)
were chosen as to be representative of areas of fluid flow
which were affected by the influx of fluid passing through the
holes in the plastic former of the filter cartridge. Graph (b)
shows a point at which the x and z components of velocity
oscillate according to whether the axial position is adjacent to
a hole in the support structure or not; the y component of
velocity is close to zero and is stable along that length of
filter. Graph (c) shows a corresponding point, equidistant
from the central rod and rotated through 90° about the cen-
tral axis. As would be expected from symmetry, at this point,
the y and z components of velocity oscillate according to
whether the axial position is adjacent to a hole in the support
structure, or not, and the x component of velocity is stable
and close to zero. Further analysis of the fluid velocities
around this central pipe shows that the passage of fluid
through these holes is symmetric and that the velocities do
not significantly increase towards the fluid outlet suggesting
that the distribution of fluid flow along the length of the fil-
ter is broadly homogeneous. Further evidence of this gross
homogeneity of image flow along the length of the filter is
given by Figure 8d, which shows the x, y, and z components
of velocity for a point (d) at which the flow field is not im-
pinged by the fluid rushing out of the holes. At this location,
the z component of velocity increases steadily at a rate of
increase of 0.7 cm/s/cm as the fluid approaches the outlet.
This increase in velocity is due to the steady accumulation of
fluid in this central return space towards the top of the filter
and also partly due to the tapering of the central tie rod which
decreases the available volume of this central space towards
the top of the filter. Furthermore, there is a small negative y
component of velocity at this point which remains constant
along the length of the filter; this is indicative of small circu-
lar currents which can be seen in Figure 7c and run along the
entire length of the filter.

Conclusions

This work has demonstrated that MRI provides a nonde-
structive means for studying filtration problems on the same
physical scale as is used in real industrial applications. Thus,
it is feasible on a routine basis to visualize and measure the
internal structures in three dimensions of a filter filled with
aqueous medium, provided that it is substantially free of fer-
rous material. Direct visualization of the contaminant is fre-
quently feasible. However, if it is not, a range of substances
are readily available which can easily be detected by their
influence on the MR responses of the water surrounding the
filter. In the case of the cartridge filter studied in this work, a
combination of 3-D-gradient echo MRI in conjunction with
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paramagnetic iron (111) oxide particles enabled the spatial
heterogeneity of blocking to be visualized at a spatial resolu-
tion of 0.47x0.47 X3.75 mm.

Using a series of 3-D scans, it is also feasible to study the
longitudinal progression of filtration. This present study em-
ployed a protocol in which the location of the particles is
scanned after every 1.5 min of the flow of a fluid contami-
nated at a concentration of 0.062 g/L where each scan takes
8 min to acquire. This clearly demonstrated for filtration of
micron-sized particles that there was substantial heterogene-
ity of filter blocking, and this may be spatially related to the
internal architecture of the filter support structure, and of
the filter cartridge itself. Although the spatial resolution was
not high enough to enable those features to be directly corre-
lated with the 3-D flow field of the liquid as it passed through
the filter, it is clear that the two are related. Perhaps, the
most important finding is the observation that most of the
filtered particles are deposited on the apexes of the folded
structures in bands related to the region of maximal fluid
flow. This suggests that some of the basic concepts of filter
design based on maximization of the total area of the filter
surface may need to be reconsidered if the resultant folding
produces regions of flow stagnation which are unavailable for
effective filtration.

It is clear that this study presents at least as many opportu-
nities as problems solved. In particular there is now a press-
ing need to combine on a directly compatible basis data from
MRI measurements with that from all the other methods cur-
rently used for studies of filtration, such as assays of particle
retention. lIdeally, those MRI studies should be made with
higher spatial resolution so that it is feasible to correlate spa-
tial blocking with liquid flow. It may be that such studies will
shed further insight into fundamental design problems of this
well-known class of filter such as the fluid flow inside the
filter structures and the effect of the filter pleating and pack-
aging on the overall filtration efficiency. It would also be ap-
propriate in the future to study the filtration of deformable
particles; fortunately, the concept of spatial amplification, il-
lustrated for the first time in the present study, is readily
extendable to many such particles.
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