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Excessive foreign matter in fuel, air,
and oil can damage the engine and
severely hamper its performance. The
most damaging contaminant is hard,
abrasive particulate matter, which can
enter the éngine in the induction air or
can be present as residual left over
from the engine’s original fabrication
or rebuild. Nonwoven fibrous mate-
rials have been commonplace filter
media for automotive oil, fuel, and air
filters, which protect engines and help
assure optimum performance.

The best-suited nonwoven structures
for automotive filter media are random
fiber mixtures of various types and
dimensions, preferably in a gradient-
density array. The prime objectives in
automotive filter media design are: (a)
to achieve full utilization of the limited
space available for filtration under the
hood, (b) to remove appropriately large
quantities of contaminant, (¢) to main-
tain a low operating pressure differ-
ential at the rated fluid flow, and (d) to
maintain the highest possible con-
taminant removal efficiency.

Our purpose here is to describe op-
timum construections for automotive
filter media, the filtration mechanics
or phenomena, by which these filter
media function, and some design tech-
riques which may be useful in devel-

oping such media. We will look at two
proven nonwoven filter media product
designs: one for lubrication oil and one
for induction air filtration. Finally, we
will consider an approach to the mathe-
matical modeling of automotive filter
media.

Fibrous filter media
constructions

Types of fibrous nonwoven structures
which best delineate the automotive
filter media covered here are illus-
trated in Figs. 1-3. Figure 1 shows 2
top-surface scanning electron micro-
scope(SEM) picture and a cross section
of a wet-laid nonwoven paper com-
monly used in pleated oil filters and
air filters. It usually consists of a blend
of coarse, fine, and curled cellulose
fibers derived from various wood
pulps. In some cases, it contains a
small amount of synthetic fibers. It
has a resin binder that supports the
medium in its eventual pleated (or ex-
tended area) filter state. For effective
filtration, the medium has a depth of
at least 20 fiber layers, with 2 denser
fiber layer on the filirate’s exit side
and a less dense fiber layer on the
entering fluid side. For fuel filtration,
the medium is usually more densely

packed and may have microfibers.

Figure 2 is the same SEM photo-
micrograph array of a high-perfor-
mance, pleatable, water-laid non-
woven. It has the same coarse fiber
interlacing and pore structure as the
media in Fig. 1, but the large pores are
crisscrossed with much finer micro-
fibers. In addition, the fiber masshas a
much moreopen structure (with higher
void volume), as exhibited in the cross
section.

Figure8 illustrates the cross section
of dry-formed, gradient-density, pleat-
able media for an air filter. The same
media is shown in its final configura-
tion in Fig. 4 This medium consists of
an open-structured, prefilter, fleccy
top web of blended synthetic fibers
integrated to a much denser web of
shorter and finer fibers such as wood
pulp cellulose and synthetic fibers.

Filtration mechanisms

Optimum contaminant removal and
optimum service life in automotive
tiltration are achieved by a combina-
tion of four filtration mechanisms, as
follows: ;

April 1988 Tappi Journai 161




1. Surface (top) and cross section (bottom)

of a wet-laid automotive filter paper

1. The inertial impaction of a par-
ticulate on the fiber surface and the
factors responsible for its permanent
attachment

2. The buildup of cluster particulate
aggregateson fiber surfacesasa fune-
tion of the triboelectric nature of the
fiber network, or its ability to pick up
electrostatic change due to frietion
produced by the fivid flow.

3. Entrapment of the particulate
within the interstices or “pores” des-
cribed by the fiber entanglement

4. Interactions of fluid flow through
fibrous media as they affect pressure
drop.

The impaction-impingement pheno-
menon is initiated with the smaller
particulate size of the contaminant to
be removed within the initial open
fiber fleece (1). Larger particulates
and some finer particulates are
strained out by a denser fiber struc-
ture downstream. By a balanced com-
bination of impingement-entrapment
phenomena in automotive air filtra-
tion, it is possible to fill over 90% of the
filter medium void volume with con-
taminant within an acceptable oper-
ating pressure drop during its “life”
cyele,

Figure 5 illustrates-a progressive
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2, Surface {top} and cross section {bottom)
of a wet-laid automotive filter paper with
microscopic fibers _

3. Cross section ofa gradient-density, auto-
motive, nonwoven filter material

4. Pleated automotive air filter showing
the gradient structure of its nonwoven filter
media construction

contaminant buildup by impaction-
impingement (2). Initial single-par-
ticle impingement takes place on the
outer surfaces of the fleece fibers.
Further impaction and impingement
creates clusters that adhere as fiber
appendages. Further acecumulation
results in a porous filter cake for-
mation of the aggregates filling the
pores delineated by the fiber con-
figuration (2).

Figure 8 is a cross section of a
gradient-density filter material de-
signed to function in accordance with
the particulate removal phenomenon
as illustrated in Fig. 5. Figure6 is a
similar cross section of the exhausted
filter material filled with filter test

contaminant, AC fine dust. This SAE
(Society of Automotive Engineers)
standard air cleaner (AC) contami-
nant, whose particulate size distribu-
tion is given in Table I, is derived
from a source of Arizona desert dust.
The filter element from which speci-
mens were taken to obtain SEM
microphotographs of the type shown
inFig. 4 hasbeen subjected toan SAE
bench test for automotive air filters.
Figure 7 illustrates three mech-
anisms of contaminant particle cap-
ture on fiber surfaces (4, 5). The first
is thedirect interception of the particle
on the fiber surface. The second is
inertial impaction, in which the par-
ticle leaves the fluid flow stream,




8. Progressive contaminant buildup caused by impaction and impingement

collides with the fiber surface, and
sticks, If the particleis too large or too
heavy, it collides with the fiber surface
and drops away. The third mechanism
is Brownian diffusion, in which the
particle size is extremely small and its
trajectory is governed by a Brownian
spin phenomenon. The particle even-
tually becomes attached to the fiber
surface.

Designing fibrous nonwoven
filter media for optimum
performance

Imagine the filter medium to be chal-
lenged by a particulate with an up-
stream concentration denoted by Ci.
and a downstream or exiting concen-
tration denoted by Chu.

The difference between these con-
centrations represents the captured
contaminant.

Cout - Cin. = Cm Dav L 7 (1)
where
D, = the average diameter of the fibers
in the filter
L = thetotallengthof all the fibersina
unit ares
n = the proportionality constant,

whieh represents an efficiency for
particle eapture by an individual
fiber.

The overall filter efficiency E is
defined as

¥ = (Cm - Couz)/ Cln = D, L (2)
The basis weight of the filter is

iven b
B e (D2 )L ®)

which is the product of the volume of
fibers per unit face area of the filter
times the average fiber weight density
pav. This relationship may be used to
eliminate L from the efficiency expres-
sion, giving

=4 % Pav™) (W/ Dy} 4

The fiber efficiency » is, in reality, a
complicated function of the geometry
of the fibers in the filter and of the
physical characteristies of the parti-
culate material involved in the sepa-
ration. If, however, we focus on the
mechanism of interception as the
dominant effect, then first order n is
simply proportional to the ratio of the
average particle diameter D, to the
average fiber diameter, Then

E o(4 Dy puv 1) (W] Dad) = K(W Dos?)(4)

Therefore, filters that are composed
of fibers having essentially the same
weightdensity and that are challenged
by a similar particulate contaminant
would be characterized by a constant
K and might be expected to exhibit
efficiencies which plot linearly against
W/Dy? This is indeed the case, as
shown by the data plotted in Fig. 8,
which were used to develop a filter
material of long life and high effi-
ciency. .

Inpractice, it is possible to establish
a design of experiments whereby two
filter media of different W/ D..2 can
establish a linear W/ D, 2 relationship
for contaminant removal efficiency.
By choosing a desired efficiency rating,
itis possible to design media of varying

permeabilities all having the same W/
Dy The medium having the highest
permeability will have the best life or
contaminant-holding capacity for a
particular removal efficiency thres-
hold. Specimens 5 and 6 in Table IT
fall into such a preferred category.

Designing nonwoven filter
media for optimum liquid
filter performance -

Because the viscosities of lubricating
oil and fuel are so much greater than
that of air, the impaction-impingement
mechanism of particulate collection is
offset considerably. The viscous shear
effect of the fluid on particulate ac-
cumulations tends to minimize the
formation of cluster filter cakes, as
shown in Fig. 5. Entrapment by a
depth-structured fibrous nonweven
can be explained as the mechanical
coliection and containment of parti-
culate material within the interstices
of a torturous path of three-dimen-
sional pores or openings delineated by
the fiber entanglement. Hence, for
filtration of automotive lubrication oil,
the pore opening distribution, the void
volume of the fibrous web, and the
web's fluid permeability are the filter
medium’s most important parameters
(6, 7).

By establishing a relationship be-
tween mean pore size and particle-size
removal performance, we would be
able to use the mean pore size as a
design parameter, To achieve this rela-
tionship, two procedures were used: (2)
the determination of mean pore by a
“bubble pressure,” or a mereury intru-
sion method, and (b) a test method to
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8. Section of a gradient-density medium
for air filter plugged with AC fine dust

determine multipass particle-size re-
moval efficiency (8). Figure 9 depicts
the type of relationship which can be
developed for a variety of nonwoven
materials ranging from wet-laid pa-
pers, to needled felts, to dry form, to
spun-bonded and melt-blown non-
wovens, The contaminant used in the
multipass filtration tests was AC fine
dust. The $5%-retention particle size in
micrometers is the threshold value
obtained during the multipass test.

As an example of this approach, two
oil filter media identified as Papers A
and B are compared. Medium A is a
typical water-laid paper used in auto-
motive oil filters made out of a furnish
of wood pulp fibers. Medium B is an
experimental filter paper made out of
the same base fibers as Paper A but
with an addition of microfibers whose
diameters range from about 1.0 t0 3.0
pm. Table ITI gives the physical
properties for these papers using
standard procedures, “bubble pres-
sure,” and mereury intrusion mea-
surements. Table IV presents the
removal efficiency at specified particle
size. Figure 10 is a plot of the data in
Table IV. At 20 um, Paper B had a
90.8% removal efficiency, whereas
Paper A had only a 66% removal
efficiency.

Improved automotive air and
oil filters

These design concepts and their cor-
responding filter media structures
have been developed to optimize the
_performance of conventional auto-
motive filter systems. The design
process has involved design engineers,
manufacturing engineers, test engi-
neers, and media vendors, The purpose
of the effort was to produce viable
cost-effective produets for the mar-
ketplace.
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7. Three mechanisms of contaminant
capture: (A) directinterception, (B) inertial
impaction, and (C) Brownian diffusion

8. Removal efficiency as a function of the
parameter W/D,,2

9. Relationship of the average pore diameter

to the particle size at which 95% retention is
achieved

Air filter

Table V presents a statistical average
of multiple tests of air filters made out
of a new two-stage medium and a one-
stage, water-laid paper. Figure 11
shows the pleated construction of the
filter medium. The two-stage, gra-
dient-density filter medium developed
has 2.96 times greater capacity for
holding dust than a conventional
water-laid specialty paper, area for

10. Removal efficiency of AC fine dust as
a function of particle sizes




11. Pleated construction for the oil filter

area. It also has a3:1 reduction in dust
penetration (99% vs. 97% removal effi-
ciency).

The bench test used to evaluate auto-
motive air filters is the SAE test code
SAE J726, The filter element is tested
at a variable flow rate with pressure
differentials taken at its rated air flow.,
AC fine dust(TableI)is fed into the test
air stream. Efficiency is determined
on how much dust has been fed, up to
the test end point of g differentizl rise
of 10 in. HzQ over an initial clean re-
striction, and on how much has been
collected downstream on a filter pad.
The dust distribution in the spent air
filter media is almost complete
throughout the void volume of the me-
dium. However, the dust distribution
in the spent water-laid paper is limited
to the first third of its depth (3).

Oil filter

Figure 11 shows the pleated construe-
tion for the oil filter. When microfibers
are added to the furnish and the fiber
composition is chosen for higher loft
and lower density, a bulky, thicker
sheet results, with a three-dimen-
sional, spiderweb-like microfiber net-
work within each larger pore or “cap-
illary” (Fig. 2).

12. An idealized “unit cell” showing (A)
front view, (B} side view, and (C) isometric

. Physical properties of Papers A and B

projection

V. Multi-pass dust removal efficiency for
Papers Aand B

Field and dynamometer studies (9,
10) of engine oil filtration were made
in which critical engine parts such as
bearings and piston rings were irra-
diated. Conditions were set up with
and without filters and with and with-
out abrasive dust classified as to par-
ticle size ranges added to the crank-
case.

Inthis study, abrasive dust particles
above 15 um produced the mast dele-
terious engine wear. Also, with a fiiter
having a single-pass removal effi-
ciency of 90% or higher, engine wear
was kept to a minimum. Employing
the concepts and principles presented
here, it was possible not only to develop
a fibrous oil and filter medium which
achieved the optimum in efficiency
and capacity, but it was also possible
to keep engine wear at a minimum
and still be cost effective (3).

The improvement in oil filtration
performance with the high-bulk, low-
density microfiber filter is notable.
Table VI presents test data of the
filter with this media vs. the con-
ventional oil filter paper.

Future developments
Automotive power plants continue to

evolve and to improve with each pass-
ingyear. New manufacturing technol-
ogies, materials, and lubricants pro-
mise to accelerate the pace of change.
At the same time, new fibers become
available from which to fabricate non-
woven media, and new packaging re-
quirements and performance stan-
dards are placed on successive gener-
ations of automotive filtration systems.
To remain competitive in this and
other markets for filtration techno-
logy, it is time to rethink the entire
design process. In part, this activity is
being brought about through indus-
try-sponsored work in progress at the
University of Rhode Island Center for
Filtration Research.

The philosophy behind this effort is
simply that a great deal of the empiri-
cal and interactive nature of the design
process, with its associated time and
expense, can be eliminated if the en-
gineer has at his disposal a modern
computer-based design and system
simulation package, including graph-
ical output and perhaps an artificial-
intelligence monitoring program,
aimed specifically at the problem of
filtration system design and optimi-
zation. This concept is not an original
one, as program packages of this type
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have been successfully applied to other
technologies.

What is new is the attempt to develop
reliable and comprehensive building
blocks for such a design tool in the
area of filtration. An example is the
need for an accurate way of computing
the filtration performance of a non-
woven media that is firmly based on a
realistic mierostructural model of the
materizal.

Three historical approaches

Historically, there have been three
main approaches to modeling non-
woven fibrous materials: the single-
fiber or single-cylinder model, the
parallel-cylinder array model, and the
pore theory approach (5). Single-fiber
theory was important because, for the
first time, it clarified the role played
by capture mechanisms such as im-
paction-impingement and diffusion.
But this simple model cannot be taken
seriously as a representation of real
materials except perhaps for the most
porous of media.

Parallel-cylinder models wereintro-
duced in an attempt to account for
interfiber influences in a real non-
woven fiber structure through the
parameter of packing density, or poro-
sity. The most elegant work along
these lines is the two-dimensional flow
field solution of Kuwabara (11), which
represents the limit of practically use-
ful analytical complexity for predict-
ing filtration performance. Basedona
parallel eylinder model, both pressure
drop and particle capture efficiency
can now be routinely handled by
numerical computer simulation.

The pore theory represents an at-
tempt to be more reslistic about the
microstructural geometry of filtration
media in that it aceounts for the statis-
tical variation in pore size created by
the random orientation and intersec-
tion of fibers in planes transverse to
the mean flow, Unfortunately, it idea-
lizes this structure into an ordered
system of round pores each having a
diameter equal to the flow mean
hydraulic diameter of the fiber array.
This necessitates the introduction of
an artificial factor for the more tor-
tured flow path, which results in an
overly complicated theory that inac-
curately aecounts for variations in
porosity.

None of the historical approaches to
the modeling of fibrous filters are
capable of adequately predicting pres-
sure drop. The theories on which they
are based do not properly account for
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V. Airfiltration performance of an air filter
design made out of a monolithic water-laid
paper and a two-stage, gradient-density,

Vi. Oit filtration performance tests on a
spin-on automotive oil filter made out of
conventional filter paper and paper with

dry-formed material
T T i,
Wator-. 2-stage, - -
~latd . nonwoven
“media

microfibers

L Con=i Miiero=l
<-ventional.. fibef.
-media . media

the three-dimensional nature of fiber
arrays or for fiber clumping. As a
consequence, they all give predicted
pressuredrops which are considerably
higher than those measured. At the
same time, these approaches predict
particle capture efficiencies that are
in error by about the same ratio as the
ratio between the predicted pressure
drop and the actual pressure drop.

Offset screen theory

To overcome these difficulties, the re-
search group at the University of
Rhode Island has proposed a new
microstructural model to deseribe the
filtration performance of nonwoven
fiber structures. This approach, the
“offset sereen theory,” is based on the
hypothesis that an adequate model for
fibrous filter materials must account
for:

1. Anisotropy of fiber orientation,
which is an inevitable result of the
manufacturing process

2. Inhomogeneity of fiber dispersion,
which is always involved to some ex-
tent but which is most important for
relatively thin media

3. The three-dimensional nature of
fiber structures, which implies that
flow inside the media is also three
dimensional,

An additional eonstraint on the model
is that it must be tractable from the
standpoint of the capabilities of
modern numeriecal fluid mechanies.
Figure 12 shows an idealized “unit
cell” of material constructed according
to the offset screen model. For com-

putational convenience, the fiber cross
section is taken to be square, but this
is not an essential limitation of the
approach. This example shows a unit
cell composed of three contiguous
screens, with each being two fiber
diameters thick. Successive screens
are randomly offset in planes per-
pendicular to the mean flow direction.
It is assumed that such a unit cell
comes from the depth of the media
and, hence, repeats itself many times
to make up the actual thickness of the
filter,

This assumption implies that the
flow field is periodie in the mean flow
direction, and the geometry of the
offset screens is such that it is also
periodie in the two cross-flow direc-
tions. Periodicity in this context means
simply that the velocity vectors at
corresponding points on alternate
faces of the unit eell must be identical,
Thus, the flow field in the unit cell is
fully three dimensional and triply
periodic. Computing such a flow is not
trivial and in fact represents a real
extension of the state-of-the-art in
numerical flow simulation.

Tobeuseful, the offset screen model
must be intimately connected to ap-
propriate parameters which describe
real materiais. First, the cross-sec-
tional area of a fiber used in the model
is chosen to be equal to the area of a
round fiber whose diameter squared
is given by the mean square diameter
as calculated by averaging over the
actual fiber size distribution of the
real medium. Second, we imagine
that the medium is reconstituted into




13. Packing density vs. the pressure drop coefficient
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screens composed of N vertical fibers
and M horizontal fibers, with each
fiber having a length equal to the
actual average fiber length.

The number of fibers composing a
screen is determined by two condi-
tions. First, the packing density of
each screen must equal the overall
average packing density of the filter.
Second, the ratio of horizontal fibers
to vertical fibers M:N is given by the
ratio of (a) the percent of fibers with
orientations lying within 45° of the
machine direction of manufactire to
{b) the percent of fibers which lie
between 45° and 90° off the machine
direction. If M equals N, the screen
will have square mesh openings, but if
M does not equal N, the openings will
be rectangular. Such cases represent
anisotropie media.

This still leaves open the question of
the appropriate number and arrange-
ment of successive sereens in thedirec-
tion of flow. It may prove possible to
relate the appropriate number of
screens, in a useful way, to the cover of
the media. “Cover” is simply the frac-
tion of the face area of the material
which appears tobe oceupied by fibers.
This possibility is being studied. One
difficulty is that the number of pos-
sibilities as to the orientation of suc-
cessivesereens is infinite, and the best
that can be done is to statistically
sample this population and average
the results to make a prediction.

To date, the offset screen model has
been used to predict pressure drop,
and the results have been compared to
available data in the pertinent liter-

ature, A two-screen unit cell was
chosen for this initial study because of
its relative simplicity. Since these re-
sults have been excellent, it may not
be necessary to get more complicated
to produce acceptable predictions for
particle capture efficiency. The pres-
sure drop prediction was made as a
weighted statistical average of four
discrete two-screen arrangements,
which represent a sample size of {en
because two of these selected cases
each correspond to three other ar-
rangements which have identical
pressure drops. The arrangements
used were zero offset (which gives the
lowest possible pressure drop), a 0.5
0.5 mesh spacing offset (which results
in the highest pressure drop), and the
two redundant cases of 0.25 x0.5 mesh
and 0.25 x 0.25 mesh offset.

Figure 18 shows the results of this
type of prediction for one particular
value of the packing density. The
ordinate is a nondimensional pressure
drop based on the face velocity, the
filter thickness, the viscosity of the
flowing fluid, the mean square fiber
diameter 42, and the average Cun-
ningham slip faetor. This factor is
included to account for the fact that
the filter might contain significant
numbers of microfibers whose dia-
meters are so small that they expe-
rience noncontinuum flow.

The data in Fig. 13 were carefully
selected from experiments on non-
woven media fabricated in such a way
as to ensure nearly perfect fiber dis-
persion and hence to exhibit essentially
no anisotropy. Thus, the model used to

make the prediction employed screens
with square mesh openings. The open
triangles plot the pressure drops pre-
dicted by the discrete screen arrange-
mentssampled, and the closed triangle
plots the weighted average prediction.
This prediction is in excellent agree-
ment with the data. The uncertainty
band represents a 95% confidence limit
and is approximately equal to thedata
scatter. Also shown is a curve which
predicts the pressure drop based on
the two-dimensional flow field of
Kuwabara calculated for the parallel
eylinder model. Obviously, this pre-
diction is in substantial error when
compared to the data.

Anisotropic media can be modeled
directly using rectangular mesh
sereens. This results in a higher pre-
dicted pressure drop because these

cases_are closer to two-dimensional

parallel cylinder flow. For commer-
cially available media, empirical pres-
sure drop correlations such as the one
by Davies (12), as compared to results
for carefully prepared laboratory sam-
ples as presented in Fig, 13, typically
fall somewhere between the Kuwa-
bara curve and the data. This implies
that properly accounting for aniso-
tropy is probably important.

Including the effects of media in-
homogeneity is a different question.
Such inhomogeneity, arising pri-
marily because of imperfect fiber dis-
persion, should manifest itself as a
measurable variation in average
packing density across the face of the
filter. Knowing this distribution, one
can treat the filter as a series of
parallel flow passages each with a
different packing density but having
the same pressure drop and average
over the appropriate anisotropic but
homogeneous pressure drop coefficient
curve. This treatment results in a
prediction which is generally lower
than the data shown in Fig. 13.

Conclusions

Predictions such as these require ex-
tensive computer timeon alarge com-
puter, which is impractical for day-to-
day use by a designer. Consequently,
the approach is intended to be used
first to generate a large number of
numerical results, varying such
parameters as packing density, the
degree of anisotropy, and the degree
of inhomogeneity and second to curve
fit this numerical “data” to produce
gimple polynomial expressions that
will make the theory conveniently

April 1988 TapplJournal 167



|

ready underway.,

Nonwovens

accessible. The same approach will be
taken to the prediction of particle
capture efficiency, which is work al-

The development of offset screen
theory for the prediction of the fil-
tration performance of clean non-
woven media i3 a small but significant
step toward creating a comprehensive

mance variations in existing mate-
rials. When combined with other pro-
gram packages, the result should bea

new, cost-effective, and time-saving

computer-based design tool. When
completed, it should be valuable for 1.

optimizing new media formulations
to meet specific design requirements

2.

and for explaining observed perfor-

design capability that ean effectively
meet future challenges facing the fil-
tration industry,
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