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SECTION I

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The structure.of nccedle punched fabrics offers in addition to the high
cfficiency characteristic of filter fabrics the advantage of low pressure
drop. It also offers the advantage of using higher flow rates than are
normally used. in filtration using woven fabrics, which has economical
implications in baghouse applications.

The results of the investigation of the various parameters and their
influence on the fabric properties and filtration performance in batch
testing led to the following conclusions:
~ 1. Fiber length and orientation have no significant effect on
most of the fabric properties. Random-laid webs give
higher packing density and lower air permeability than
cross-lapped webs.

2. Ncedle size and needle penetration are significant para-
mcters. Large size necdles produce undesirable fabrics
for filtration. Increasing needle penetration improves the
fabric., However, high level of needle penetration leads
to fiber damage and deterioration in filtration performance.

3. Neccedle punched fabrics without reinforcement lack
strength and dimensional stability, Spunbonded fabrics
(Reemay and Cerex ) when used as scrim improve the
needle punched fabric properties without sacrificing its
filtration performance.

4. Necedling intensity is significant in affecting fabric properties,
High levels of needling intensity achieved in one passage of
the fabric through the needling process results in fiber and
scrim damage, Necedling with a small intensity and
repeated over a number of passes and from both sides
improves fabric characteristics,
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5. Fabric weight per unit area and packing density are very
important factors affecting the fabric characteristics,

The air permeability-thickness product related more
closely to the pressure drop for clean air than the air
permeability alone.

6. Calendering needle punched fabrics damages the fabric
structure and leads to a considerable increase in the
pressure drop without a proportionate increase in efficiency,

7. Monodisperse particle testing indicates that the diffusion
mechanismis not utilized effectively for the needle punched
fabric samples tested in the submicron range without
cake formation. In testing with hetrogeneous dust particles,
the cake formed on needle punched fabrics differs
distinctively from that formed on any other fibrous
structure. The deposition of dust on the fabric shows
three-dimensional mounds around the pores,

8. NCSU developed needle punched uncalendered fabrics with
nonwoven scrim, were superior to commercial fabrics in
some regimes of baghouse operation. With high levels of .
inlet loading and at high air-to-cloth ratios, more cleaning
difficulties were encountered with NCSU fabrics than the
commercial one,

Recommendations

The present investigation concentrated only on one type of fiber and
round cross-section. It is felt that work is needed to study the use of
different fibers (such as Teflon, Nomex, Nylon, etc.) with different
fiber c ross-sections and crimp in needle punched fabrics, |

Modification of the structure of needle punched fabrics by various
finishing treatments (such as shrinkage and resin applications) should
improve *he filtration performance, especially in the submicron range,
This seems to be an important area for continuing the present work, It
is also recommended to continue experiments to establish the durability
of needle punched fabrics under different testing conditions, For the
purpose of economy it is suggested that a special miniature baghouse

apparatus be built for such experiments.

Optimizing filter soecifications for best performance requires adequate
information on tr = relationship between filter paramete rs and air-dust
flow conditions. A single performance value (rather than pressure dr p
and efficiency) is needed to simplify the optimization problem required
for the design of filter fabrics. This is particularly true for ncedle
punched fabrics, since the specific cake resistance used by many
researchers does not apply due to the nonhomogenity of the dust cake.

2



SECTION II

INTRODUCTION

The need for high-efficiency filtration of particulate matter from dusty
atmospheres is ever increasing. Fibrous structures are widely used
as filter media, Fabric filter technology has been growing steadily and
plays an important role in air pollution control, It has been the general
practice to use woven fabrics in the majority of baghouse applications,
Woven fabrics are produced by interlacing two sets of parallel rows of
yarns at right angles in a square array. In operation, dusty gas passes
through the filter normal to the fabric surface, Filtration has been
shown to take place over three phases [1], At the start of the filtration,
dust particles deposit on individual fibers and yarn surfaces, Additional
particles then deposit and accumulate on already deposited particles
forming aggregate structures which project into the gas stream. As
deposition continues, openings between yarns become gradually filled
with aggregates which eventually form the dust cake, Further accumu-
lation of dust particles on the cake continues and the resistance to the
gas flow increases until removal of the cake takes place during the
cleaning cycle, The collection efficiency of woven fabrics has been
found to be a function of the pore size distribution [2], Bleeding or
leakage of dust was found to be a function of the number of pores above
a critical size which is related to size properties of the dust being
filtered.

Structural properties of a fabric strongly affect its filtration performance
and the fabric's interaction with a dust. Fabrics designed for capturing
large particles, will leave the air contaminated with small particles,

On the other hand, fabrics designed to collect fine particles must have
small pore size which results in high resistance to the gas flow. eco-
nomic consicerations require minimum pressure drop through a filter,
and normally a balance has to be made between the cost of cleaning and/
or replacing a clogged filter and the power consumed in driving the flow.
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Recently, nonwoven fabrics have been enjoying increasing interest and
various structures have been looked at for many filteration applications,
Nonwoven fabrics are normally less expensive than, and can be rnade
as durable as, woven fabrics, With most nonwoven structures, high
efficiency and low pressure drop in air filtration can be achieved.
Spunbonded fabrics were found to be more efficient, longer lasting and
checaper than equivalent woven bags [3]. The performance of latex-
bLond<d nonwoven fabrics was studied [4]. The results indicated that
with suitable choices of fiber properties it is possible to improve
cfficiency and air drag characteristics to a significant extent, Another
nonwoven structure which is becoming very widely used in filtration is
ncedle punched fabrics. Needle punched fabrics have excellent features
as a filter material. High collection efficiency at low pressure drop
can be obtained,

This report deals mainly with the performance of needle punched fabrics
in batch and baghouse testing,



SECTION III

THE NEEDLE PUNCHED STRUCTURE AND PARTICLE COLLECTION

The ncedle punched fabric is produced by penetrating barbed needles
into a fibrous mat, The penetrating barbs transport surface fibers and
embed them in the vertical direction, creating entanglements of fibers
inside the pores (A Figure 1). The fibers pulled by the needles exert
pressure on the fibers surrounding the pore (B Figure 1) thus causing
an increase in packing density around the pores. The pore is not a
free hole, simply because of the fiber entanglements as well as the
disruption which takes place in the fiber order when the needles are
withdrawn fromthe fabric., The number of punches per unit area is
controlled by the distribution of needles on the needle board, the rate
of fabric feed and the number of passages through the machine. The
shape and size of the pores depend on the needle shape, size and
penetration, Figure 2 is a micrograph showing the cross-section of
a needled fabric.

Uncalendered needle punched fabric does not act as a sieve, because
of the in-depth fiber entanglements in a venturi-like shape. This
shape should offer a small resistance to the air flow resulting in
better flow characteristics across the filter, Due to changes in the
packing density over the area of the fabric, the air streamlines will
be as shown in Figure 1, which leads to the deposition of large particles
around the proes, Small particles will follow the streamlines through
the pores and will be collected by the fibers in the pore. This gives
needle punched fabrics an advantage over woven fabrics as far as
dust-loading capacity is concerned, With needle punched fabrics,
higher air-to-cloth ratio could also be used than with woven fabrics,
which means that less fabric would be required to perform in a
filtration unit.
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Figure 2 Cross Sections Showing Pore Formation in Needle Punched Fabric



SECTION IV

THEORY

4.1 Prcdiction of The Pressure Drop

The prediction and knowledge of the dependence of pressure drop on
operating conditions and filter properties are essential for the
development of needle punched fabrics for filteration.

4.1.1 Review of Literature

There have been many theories and models used by different investigators
to predict the pressure-drop through fibrous filters which can be
grouped in the following two categories:

1. Idealized theoretical models approximating the actual situation
to be amenable to the application of known physical and
hydrodynamical concepts.

2. The variables affecting the system are grouped together from
dimensional consideration to form empirical correlations
with numerical constants determined experimentally through
a simple curve fitting procedure,

The first of the two groups is preferred since the results can be applicd
to a wide range of actual untried conditions, providing the basic
assumptions are valid, The second group is simpler but the results
are limited in application, and their validity for other than the tried
conditions is quecstionable,

Most of the theoretical models for sufficiently small flow through
fibrous media are based on the well known Darcy's equation.



AP = -k u UAL (1)

Darcy's law implies that for sufficiently low flow through a porous
medium the pressure drop is caused only by viscous energylosses. The
validity of Darcy's equation for low Reynolds number Newtonian-flow
has been established through many experimental studies, notably that

of Chen [5] for continuum flow and that of Stern, Zeller [6] for slip flow.

Among the well known theoretical models are the channel theory, the
drag theory, the theory of tortuosity, and the non-Darcy approach,

The '"Channel Theory' or '"Hydraulic Radius Theory"

The Channel theory has been reviewed by Chen [5] and Linkson [7]. This
theory considers fibrous beds as a system of interconnected channels

and the pressure drop through them is given by Darcy's law, The

constant, k, in Darcy's relation is known as Darcy's drag coefficient,

The reciprocal of k is commonly defined as the permeability of the medium.
The dimension of the permeability is that of (length)z, this length was
introduced by Kozeny [8] as the hydraulic radius, Darcy's equation was
extended to partially include the porosity of the medium by defining an
average pore velocity V = = and replacing U by ¥ in Darcy's

expression [9 ] ¢

U
= - —_ 2
AP ka ) . AL (2)
*
ka
and k = — (3)
e
where ka = constant
e = porosity

Blake and Kozeny [10] used the concept of the mean hydraulic radius for
correlating data on flow through granular beds and came out with the
following relationship

SZ
/_\P=—kpr——§L\L (4)
€
Where S = surface arca per unit volume of porous media. Carman [11]

modificd Kozeny rclationship to relate Darcy's drag cocfficient to the
physical constants of the bed by the so-called Kozeny-Carman equation



k = 3 (5)

Where k_ is a constant found out to be 5.0 for granular beds of low

porosity
So = Surface area per unit volume of solid material.

Sullivan [12] modified equation (5) to ac¢ount for fiber orientations by
the following relation, '

2
k SO2 (1 - ¢)

K = -2 3 (6)
k ¢
e
Where k(-l = shape factor having the same value for all geometrically
similar channels.
k = an orientation factor, which has the value of 1 and 0.5 for

¢ fiber parallel to the flow and for fibers perpendicular to the

flow respectively.

The '"Drag Theory!''

Brinkman [13] proved that equations based on the Channel theory are
not applicable to highly porousemedia. Since the porosities of ordinary
fibrous filters are higher than 75 percent, the application of the Channel
theory is then in doubt. The Drag theory treats the walls of the fibers
as obstacles to an otherwise straight flow of the viscous fluid, The
prcssurc drop across a unit thickness of the filter is the total drag
force on the fibers per unit volume of the filter, Iberall [14] used the
Drag thecory to obtain the pressure drop through a fibrous filter having
an cquipartition of the fibers in the three perpendicular direction. For
fibers parallel to the direction of the superficial velocity, based on
Emersleben [15] he estimated the drag froce to be

U
F=4TT}J."€- (1)

For fibers perpendicular to the direction of the superficial velocity he
used Lamb's equation for the drag force of an isolated cylinder,

U
2 - In Re)

F=81T}J.2( (8)
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By adding the drag forces in the three perpendicular directions Iberall
obtained the following equation for the pressure drop,

AP 16y (1 - ¢) (4 - InRe)

(9)

= > -
ALU 3d € 2 - InRe
E
Where d = effective fiber diameter,

E

Iberall found out that the experimental results were best fitted by the
expression

AP 9_.4u (1 - ¢) ‘(2.4 - InRe)

ALU 2 e 2 - InRe
dE

(10)

The difference between Iberall equation and the hydraulic radius theory
is that the permeability in Iberall equation is not only a function of the
filter properties but also the Reynolds number, It also should be noted
that equation (8) of Lamb does not take the effect of the neighboring
fibers into consideration which results in underestimating the drag
force especially at low Reynolds number,

Chen [5] accounted for the effect of the neighboring fibers by using
Wong's [16] equation:

cd ai 2
Fi=772 U ¢4
Fi = drag force per unit length of fiber with diameter di
Cdai = drag cocfficient for fiber diameter di in filter with fiber volume

fraction o i

By summing up all the drag forces on the fibers in a unit volume of
filter as the pressure drop across unit thickness of filter he obtained

(df) _

2 2 .
AP = = ap UY Ccd —3— )L
n (df) 5
Where Cd, = drag cocfficient of a fiber of average size (df)av in a filter

with fiber volume fraction q

Chen usecd the Wheat [17] equation rather than the Lamb equation to
evaluate the coefficient Cdd

11



Cd kf

o
R = ——————r
-0.5
5 © Ink «
g
Accordingly the pressure drop is given by:
k
4 f UAL
AP = % 5E CTos (1)
In(k_a °7) - (df) s
g
Where (df)s = surface average fiber diameter,
kf, k = constants depend on the fiber orientations within the

filter, and the manufacturing technique.

Cd

Chen used his experimental results to plot the group Re against Re.
He found that ©dg Re calculated from data for one filtéT is independent
of Re for Re 2 <1, which confirms Darcy's law, Wheat [17] noticed
that filters containing fibers with diameters approaching the mean free
path of the air molecules will show lower pressure drop at a given flow
than would be expected by Darcy's law because of the slip flow
phenomenon, He introduced the following relationship for Darcy's

coefficient,

k = £ (- ¢) . (12)
& e
E

Where k is a function of Cunningham slip correction factor given by the
following equation

p—

k = 0.034 + 0,601 (C - 1) (12a)

where C is the cunningham correction factor given by

CcC =1 +§\— {2.46 +.0.82 exp (-0.44 d/)\)} (13)
where A = mecan free path of the air molecules of value 6,45 x 10_6
Cm at 20°C and atmospheric pressure
d fiber diameter
C can be approximated depending on the value of d.

f

il

For d <0.2 micron

C = 1+-3—{2.46+0.82 (1 - 0.44 d/))} (14)

12



and for d >0.2 micron

Cc = 1+2.46*—3—1\- (15)

The scattered data used to derive equation (12) make its validity rather
doubtful,

The preceeding discussion shows that the goal of the studies reviewed
was to exclude as much as possible of the filter properties from Darcy's
drag cocfficient by introducing relations in form of k = k* f (filter
propertics ¢, orientation, ———ctc, ) where k* is a constant, to be
evaluated experimentally, which depends only on the manufacturing
technique and has the same value for all similarly constructed filters,
Therc has also been some attempts by different investigators to
cvaluate theorctically Darcy's drag coefficient (k) using differcent
mathematical modecls, such as the '"Cell Model' and the '"Brinkman
Model"'.

The Cell Model

The Cell model or the free surface model has been developed and used

to predict sedimentation by Kuwabara [18]. Kuwabara suggested for

the case of parallcl circular cylinders distributed at random and homo-
geneously in a viscous flow that there has to be an envelope or a free
surface around cach cylinder at which both the vorticity and the normal
component of the velocity vanish, The imaginary free surface is assumed
to be coaxial with the circular cylinder and of radius '""b'"", The cross-
scctional area Thé of the imaginary free surface is equal to the free

area corresponding to each cylinder, namely

ab? = 1/n (16)

where n = number of solid cylinders per unit arca,

Happel [19] extended the application of Kuwabara cell model to fibrous
filters, The only difference between Happel and Kuwabara's assumptions
is that Happel assumed that the shear stresses, instead of the vorticity,
vanish at the free surface, He applied Navier-Stokes equation in
cylinderical coordinates in the complete form for the fibers parallel

to the direction of superficial velocity and obtained the following
expression for Darcy's drag coefficient

13



i 2 2 4 4 4 . b
l/k, = —5 (4a b -a -3b +4b In—) (17)
2 . 2 a
8h
It should be noted that in this case the inertia terms vanish because
there is no change of velocity along the fibers. For fibers normal to
the flow, Happel neglected the inertia terms by applying Navier-Stokes
cquation in the creeping form. He obtained the following expression

for Darcy's drag coefficient:

LI m2 .2 (———————-b4 'a4) (18)
< B 4 4
1\1 4 a 2 b +a

The valuce of "'b'" in equation (17) and (18) can be evaluated in terms of
the fiber volume fraction ( a) in the following way., From equation (16)

but N = ———— = nrTa

2

2
mb- = Tma
o4
b = _a__
Va

where A cross scction area of the filter
t = thickness of the filter
n = number of {ibers per unit area.

i

It is clear that by decreasing the porosity, o will increase and '"b"
approaches '"'a' which mcans that the fibers arc almost touching ecach
other., For the above reason Happel solution fails at porosities smaller

than 0.5,

Brinkman Model

Brinkman [20] stated that Darcy's drag coefficient for low velocities
depends only on the filter properties and its geometrical construction

14



for continuum flow and also on the mean free path of air molecules for
slip flow. This has been proved experimentally by Linkson et al, [7]
on a wide range of glass filters by showing a linear relationship‘
between the pressure drop per unit thickness and the superficial
velocity up to 2.5 ft/sec, The relation deviates gradually from the
linearity for Reynolds numbers higher than unity.

Since the pressure drop for small flow does not depend on the Reynolds
number, Brinkman concluded that Stoke's law for creeping motion
applies for the flow through the medium, In this case, the fiber
boundaries in the vicinity of any given fiber must affect the fluid motion
around that fiber in such a way that inertial effects remain negligible
when compared with viscous effects through the entire region of flow.
The essence of Brinkman hypothesis is that, on the average, the fluid
in the proximity of an obstacle imbedded in a porous medium experi-
ences a body damping force proportional to the velocity, in addition to
viscous and pressure forces. The damping force accounts for the
influence of the neighboring objects on the flow,

The essential difference between the Brinkman model and the Cell model
is that Brinkman model implies that the neighboring fibers damp the
ensemble average microscopic flow near the central fiber precisely the
same way the fibers of the medium damp local flow through the medium
when averaged over all conceivable fiber arrangement., While the

"Cell Model'" account for neighboring fibers influence by means of
microscopic envelope around the central fiber. The characteristic
envelope size depends on the microscopic voids.

The validity of Brinkman hypothesis is limited to conditions where the
neighboring fibers are distributed about the central fiber in approximately
the samec way as they are generally distributed in the medium, The
hypothesis, therefore, breaks down when applied to media of sufficiently
low porosity because in this case the effect of many solid boundaries in
the immediate proximity to the central object cannot be well described

by a simple damping coefficient.

Brinkman [20] initially used his hypothesis to investigate flow through a
swarm of spheres and hindered settling velocity. The model was also
used by Debye and Bueche [21] to predict certain hydrodynamic
properties of disolved polymer molecules,
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Recently the Brinkman model was used by Spielman and Goren [22] to
evaluate Darcy's drag coefficient mathematically for fibrous filters of
different geometrical constructions and fiber orientations namely:
a, Filters with fiber axes all lying in planes perpendicular to
the direction of the superficial velocity, but having completely
random angles in those planes,
. Fiber axcs all parallel to the direction of the superficial
velocity., .
c. Fiber axes all lying in planes parallel to the direction of the
supcrficial velocity, but having completely random angles in

those planes.
d. Fiber axes completely randomly oriented in all directions,

The pressure drop results of Spielman and Goren showed better agreement
with Davies [23] Empirical results than those of Kuwabara and Happel
using the Cell model,

Theory of ""Tortuosity"'

Clarenburg and Pickaar [24] used a pure theoretical approach to predict
the pressurce drop through fibrous filters, The model used assumes the
porcs to be small capillary tubes with log-normal distribution, Starting
with Poisecuilles law and using the pore distribution, they derived the
following rclationship.

N L_2
U E
AP = 1l.4u AL = - =R (=) (19)
€ TZ L
where N = numbecr of pores on surface area 1
1 = mean fiber length:
L-E = effective thickness
L
B is known as Tortuosity Factor and given by
L , ""'2 '
E 2 1.865 2
(I ) = 1+(0.858\/ - - 1.024) 0.389 —— (20)
A N d
P

which is valid for ¢ < 0,94

16



Np is given by
NN-1) N

N =
P i1 2
Where N = number of fibers in a slice of surface area TZ and thickness

2d
8 a1

= — (]_ - e) bt i,
i -2

d

The relationship was tested experimentally over a range of porosities
0.88 - 0,96, for which slight difference between theory and experiment
werce found in the high porosity range. It has been found that the theory
of tortuosity leads to erroneous results for filter porosities exceeding
0.94.

Non-Darcy Approach

The one common assumption which underlines the theories and correlations
so far, is the validity of Darcy's law which is only true if the flow

through the medium is sufficiently low for the pressure drop to be

caused only by viscous energy losses. As can be seen this assumption
implies that for a given fluid flowing through a particular medium, the
pressure drop is a linear function of the velocity, or simply

AP

s =YY

Where vy is a constant which is characteristic of the particular fluid and
medium,

Linkson et al. [7] showed that the pressure drop is a linear function of
the superficial velocity for Reynolds numbers up to unity after which a
deviation from the linearity gradually appeared.

Beavers and Sparrow {25] used a more generalized equation for the
pressure drop through fibrous media which is represented by

2 ,
AR = kuU+mneU (21)
AL,
where 11 = constant,
k = Darcy's drag cocfficient,
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Equation (21) differs from Darcy's equation by the term (n p UZ) which
represents the inertial effects at high Reynolds numbers. The results
of the experimental work of Beavers and Sparrow showed that the
constant n is indcpendent of the superficial velocity U.

Dimensional Analysis Approach

Davics [23] usced the dimensional analysis approach to derive a relation
between the pressure drop through fibrous filters and their solid
fraction (o) for fibers with axes perpendicular to the direction of the
superficial velocity U. From dimensional analysis, assuming Darcy's
law of flow through porous media, Davies suggested that a unique
rcelation must exist between @, the packing density, and the dimension-

less group,
2
Aa
LA e
AL Q
where A = area of filter
a = mean fiber radius.

e

Davies had difficulty in dcfining the fiber radius as the dispersal of the
fiber material is rarcly so perfect that the fibers act individually, In
fact, the effective fiber radius is usually greater than the actual radius
measured under a microscopé. Some tendency to clumping exists and
the air prefers to flow through open interstices, avoiding the fine spaces
within clumps, Errors due to these causes are diminished by introducing
an cffective radius (a,) determined empirically, Measurements on
actual pads made of wide variety of fibrous matcrials showed a small
“scatter' about the curve,

Aa,2
AP e 1.5 3
B = 64 56 2
AL Ou o (1 + o) (22)

Davics stated that there is no appreciable dependence on the length of
fiber., The left hand side of equation (22) is known as the permeability
coefficient,

Davies claimed that his expression is valid for fiber diameter ranging
from 1,6 - 80 microns and filter porosities ranging from 0,700 - 0,994,
Davies equation does not show any dependence of the pressure drop on
the structural arrangement of the fibers in the filter which has been
shown by Chen [5] to be of importance.
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Davies also neglected the effect of the slip flow for the low range of

fiber diameter which has been pointed out by Wheat [17] to be of great
importance, .

Werner and Clarcenburg [26] studied pressure drop through glass fiber
filters fur fiber diameters in the order of the mean free path of the air
molecules for all fibers perpendicular to the direction of the superificial
velocity, They found out a linear relation between Davies permeability
coefficient and the porosity function defined by (1 - 5)3/2 for a given
filter. The ratio between the permeability coefficient and the porosity
function is known as the resistance coefficient. They plotted the
experimental results between the resistance coefficient and Cunningham
slip factor given by equations (13), (14), and (15), and came out with

the following rclationship,

The resistance coefficient = 180 C—Z' > (23)

and hence the pressure drop is given by

AP = 180 ¢ %70 P—AZEE (1 - 6)3/2 (24)

d
e

where C = Cunningham correction factor

4.1.2 Mathematical Development of The Pressure Drop For Needle
Punched Fabrics

As needle punched fabrics are usually highly porous, it can be concluded
from the review that the channel theory and the theory of tortuosity are
not suitable to adopt, A geometrical model based on the drag theory is
devised to describe the flow through the fabric, The Brinkman model,
used by Spielman and Goren [22], has been adopted since their results
were in better agrcement with Davies empirical equation than those of
Kuwabara and Happel using the cell model,

The model can be described, as shown in Figurc 3, as:

a. The fibers around the pores are assumeced to lic in plancs
perpendicular to the dircection of flow, with the fibers
randomly distributed in each planec.

b. The fibers in the pores arc assumecd parallel to the direction
of flow.
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Referring to the geometrical model, let o, be the volume of fibers per
unit volume of fabric of the fibers in the areas around the needle pores;
and ., be the volume of fibers in the pores per unit volume of fabric.
The equivalent solid fraction of the fabric (0) may be expressed as:

@ = a, +a (25)

1 2
The total drag force per unit volume of the fabric may be predicted by
calculating the drag force per unit length of the individual fibers in the
fabric and then integrating over the length of all fibers per unit volume
of the mat,

The Brinkman's equation gives:

VP = MVZ—J - p,k:; (26)
VP can be resolved into two components
vP. = uveu k, u (27)
I T |
normal to the fiber axis, and
VP, = uvu k. u (28)
A T

parallel to the fiber. k. and k, are Darcy's coefficients normal and
parallel to the fiber axis respectively,’

For the first group of the mat fibers with all fiber axes norn-:al to the
dircction of the superficial velocity equation (28) drops out and the

governing cquations are

2
p S MY ouy mukypuy

<
d
"

and
Veu, =0 (continuity)

The solution of the field (P, , El) is readily found by assuming the
appropriate pressure and s%ream functions. According to Spielman

and Goren [23] the drag force for slip flow is:

1 1 )]

2 | 2 1 !
Y 2 K 2. 2 _
FD_l/4n WU = }a) +Ga, kat) {14k aK (kfa) K Kia)} -1

(29)

1}
8
it
Cs
=
o
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while for continuum flow is

-1 2 3 3
FD1/4TT1.LU = Pk +&Ea) K, KFa) K_(k

Ll e

a) g0, k2%
(30)

1

where F is the drag force per unit length of the fibers of the first
1 group K., K, are modificd Bessel functions of zero and
is first order,

The total drag froce of a unit volume of the mat due to the first group
of fibers (normal) is given by

2
F, = FDI (a.l/ﬂ a”) (31)

For the second group of fibers (all axes parallel to thée superficial
velocity) there is only one component of velocity u, given by

i
2
K_ (k3 )

u, = U[l- ] (32)

2z -1

NSNS

1 1 s 1
2 2
Ko (k2 a) +kn (1 .+kn) k2 a.K1 (k2 a)

and the drag force per unit length for the second group of fibers (parallel)
is given by

1 1 1 1 1 1
o jing l 2 2 2 T -
FD2/4ﬂuU bK< a)/k2 aKl(kza)+kn/(1+ln)]
- ! 2
=0, (kn, kza ) (33)

again for continuum flow

1
- 1 2
FD2/4TrI-lU = 310} a)K, (kza)/Ko (k

The total drag force of a unit volume of the mat due to the second group
of fibers (parallel) is given by

£, = T (onz/rr‘az) (35)

The total drag force of a unit volume of the mat duc to all fibers is

2
a)] = o, (0, k,a")  (34)

N pofe
NV oj=

given by
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. - 2 _ 4uU
F = F,+F (FD a, +FD2 az)/na = (cp1<x1+cp2a2) az. (36)

dp _ 4 U
T2 @)

dL. @)+, o) (37)

a

Knowing the values of k. and k_, the numerical values of the functions
¢, and ¢, can be evaluatled and the pressure gradient can be calculated
from cquation (37) for the given medium and the fabric properties,

Determination of Darcy's Drag Coefficients k. and k

1 2

To determine the coecfficient k. for the first group of fibers, consider
a unit volume of a hypothetical fabric having geometrical construction
similar to that of the fibers in the unpunched areas with solid fraction
a;l:‘ . Using equation (31) along with Darcy's equation gives

F* = F__ ( ) = uk, U (38)

1 D1
T a

Acs the Knudsen number for the range of fiber diameters used in this

investigation is very small the flow is considered continuum,

Accordingly from equation (29)

1 1 ;
k2a)K, (k2 a) a
s 2 1 1
Flosoamp U e s ] () (39)
3 ma
Ko (kl a)
and
4q, k2 a)K, (k% a)
2 1 1
k) = —5 [} a’) 4 ———g——] (40)
a Ko (kf a)

i )
This cquation gives k  implicity with a. as a paramcter and can be
solved by iteration, cwton's -Raphson method is adopted to insure
covergence and to save computational time. The results are plotted

in Figurc 4 which gives values of k1 for different values of a”f.
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To determince the cocfficient k_ for the second group of fibers, consider
a unit volume of a fabric having geometrical construction similar to
that of the fibers in the pores with solid fraction a'dg. The total drag
force of a unit volume of the mat is given by

sk (X.;
F, = Fy (—3) = uk, U (41)
2 1 a »
From equation (34) and (41) kz can be expressed as
kS 1 1
2 a k2 a)K, (k2 a)
2 2 1 72
k, = — [ 7 ] (42)
a Ko (ki a)

To solve the above cquation for k, with a. as a parameter, an iteration
technique similar to that used in the evaluation of kl

‘ is applied, Figureb
gives the values of kz for different values of a._,

[

e
>R

Dete rmination of o

| and OL; From The Physical Properties of The Filter
The most essential parameters which describe the needle punched
filters are

the solid fraction q, 5

the needling intensity N (punches/inch”),

the filter thickness AL (inch),

and the needle size D (inch).

2 ke
If the actual number of punches per inch™ is N , the number of fibers
per pore is n, and the actual diameter of the pore is D”, Then the
volume of the punched pores per unit volume of the filter is equal to

oo %2
2 D",

Nf': and, the volumec around the punches per unit volume of filter

b *x
DZ‘N.

ANE

is ecqual to 1 -

By definition o(* is the volume of fibers per unit volume of fabric having
geometrical construction similar to the pore construction of the actual
fabric,

2
ma n-* AL
i '>{<2
2 L

.« AL
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ie o, = —55— (43)

Similarly for a filter having a surface area A and thickness AL

2 ES3
* a A AL -ma n«- A* N - AL

(}‘1 = i *2 ES
A.'Al‘—zD «N -« A - AL
ic.
o) = a - "ﬂa = X (44)
1 - Z D N

Equation (43) ind (44) relates the solid fractions (II and ocz to the actual
parameters D, N, a and n of the filter.

It has been observed that the actual parameters of the filter such as
D* and N* are different from the machine setting for the parameters D
and N, This is mainly due to the overlapping of the pores and the
relaxation of the fabric caused by the punching process,

Determination of 0"1 and “2 For The Actual Filter

For a necdle punched filter oy is defined as the folume of fibers
perpendicular to the flow per unit volume of the filter. If the solid
fraction of the filter is a, A is the surface arca and AL is the filter

thickness.,

2 E3
a A+ AlL.-ma N n A - AL

S A - AL
i.e.

a = - ma n N* (45)
Similarly

0, = 0 -0y
1.€. 2 %

o, = ma mnm N (46)
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Prediction of The Pressure Drop

Bascd on the knowledge of the actual parameters (Appendix C) qa, D='<, a,
n, N and AL, the value of afzk, cxff, o] and gp can be calculated using
cquations (43), (44), (45), and (46) respectively. The Darcy's coefficients
k1 anq k, can be evaluated using Figures 4 and 5 for the values of off

and o7 determined previously. Using equations (30) and (34) which are
presented graphically in Figures 6 and 7, the corresponding values of

@} and @, can be obtained. The nondimensional pressure drop can then

be dete rmined using the values of gy, @, oy and ap in equation (37).

4.2 Collection Efficiency

The mechanisms of collection that play an important role in filtration
arc the inertial, interception and diffusional, Although a wealth of
information for the collection cfficiency for each of the individual
mcchanisms is available, no satisfactory theoretical work exists that
can generally quantify the share carried by these mechanisms when
they act collectively., This is duce to the fact that while most of the
mechanisms arc mainly affected by such variables as flow rate, size
and density of dust, the filter characteristics and the propertics of
the medium, their effectiveness vary from one set of conditions to the

other,

There are numerous theories for particulate collection developed for
fibers or fibrous mats which could be applied to most nonwoven

fabrics., In the case of necedle punched fabrics, because of their unique
structurcs, these theories do not apply. This is due to the in depth
fiber orientation in the nceedle punched fabrics and the nonhomogenity of
their packing density, Becausc of this it was felt necessary to examine
the role of the various mechanisms of collection for needle punched
fabrics., To this effect, the semi-empirical approach developed by
Dorman {27] and used by Jonas ct al. [28] and Hampl and Rimberg [29],
to determine the collection efficiency was found to be best suited for

this investigation,

Dcrman developed the following formula, which allows for the rclative
contribution of inertial, diffusion and interception mechanisms of
collection for particle size of 0.3 microns:

2 -2/3
log P% = 2 - (kp ALV +k ALV / +k AL) (47)
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1

where P% percentage penetration

AL = filter thickness in cm
V = face velocity in cm/sec,
kR = inertial impaction parameter in cm:3 secZ
kpy = diffusion parameter in cm:1l/3 gec:2/3
kI = interception parameter in cmz:1

Jonas et al. [38] modified Dorman's equation by using a discrete velocity
for maximum aerosol penetration, When penetration is maximized,
i.e,, differentiating equation (47) w.r.t. V and equating to zero:

8/3
kD kR Vm (48)
where Vm = the velocity at maximum penetration, Substituting for
kD in equation (47) by its value in equation (48) gives:
: 2 8/3 . -2/3
2 - log P% = kR AL (V' + 3Vm/ v 2/ ) - kIAL (49)

2 -
Plotting 2 - log P% against (V. + 3\78/3 \' 2'/3) yields a straight line

whose intercept gives the value of kI and its slope gives the value of kR.
For the purpsoe of this investigation, not only the effect of variation in
velocity on penetration was investigated, but also the effect of particle
size. This sheds more light on the role of the mechanisms of collection
involved and helps in the development of needle punched fabrics for
filtration. This is of value in determining the contribution of the fabric
structure in bag filtration, in spite of the fact that in bag filtration the
dust cake plays a great role,
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SECTION V

FABRIC PARAME TERS

The important paramecters affecting needle punched fabric properties
arc: Fiber properties, fiber orientation, needling intensity, direction
of ncedling, ncedle size, necdle penetration, nccdle shape, number of
barbs on the ncedle, the number of passages through the needling
proccess and fabric finishing, For the purpose of this study, the
needling intensity was taken as the independent variable and the effects
of changing most of the other parameters is presented.

5.1 Fibers Used

The fibers used for this investigation are Dacron polyester, Polyester
fibers gained general acceptance in filtration due to their excellent
abrasion and dry heat resistance and low cost., In addition to these
properties, it has good rcsistance to mineral acids and alkalies. Many
types of polyester fibers are available but the major difference between
these types that can be of significance in filtration, as far as nonwoven
fabrics are concerned, is the specific gravity., specific gravities of
1.22 and 1. 38 arc available., This means that fibers of the two types
having the samc denicr do not have the same diameter. Most of the
work was done using 1.5 inch staple x 3 denier fibers. Experiments to
investigate fiber length were carried out and the results will be dis-
cussed. Since it is well known that the finer the fibers the better will
¢ the filtration performance, attempts were made to produce fabrics
from 1.5 denicer fibers, Difficulties were encountered due to fiber
damage and spreading which produced very weak fabrics., For this
recason only the 3 denics results arce prescented. All fibers used had

round cross-secction,
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5.2 Fiber Orientation

Since fiber orientation is known to be an important parameter in affecting
the properties of nonwoven fabrics, two methods of producing fibrous
batting have been used, these are: (a) Random-1.aid; produced by air-
laying of fibers on a Rando-feeder Rando-webber, To obtain the required
weight a number of layers was used. (b) Cross-Lapped; produced by
laying a number of layers of a cross-lapped web superimposed over

each other in the same direction. Because of weight requiremcnts, the
angle of cross-lapping was 84 degrees to the direction of carding.

5.3 Necedle Punching

Needle punching was carried out on a James Hunter experimental fiber
locker. A wide range of necdling intensity was obtained by using different
fabric feeds varying between 1/16 and 3/8 inch per stroke, The fabrics
were passed through the machines more than once, but in most cases the
number of passages was kept down to two. The range of needling intensity
used was from 122 to 735 punches/inchz. Most fabrics were produced

by needling the total number of layers without prepunching, later
experiments were carried out in which prepunching the web layers was
done. Three needle sizes were used, large (20 gauge), medium (25
gauge) and small (32 gauge). All needles were 3,5 inches long and had a
triangular blade with 9 barbs spaced 0.083 inch apart. At the

beginning, needle penetration was kept constant at one barb going

through the fabric., The effect of needle penetration was later studied

by increasing the penetration one barb for every experiment up to 4

barbs penetration. The number of needles used in the board was kept

at 575 and the machine speed was 185 strokes/minute.

5.5 Fabrics Produced

Fabrics without scrim or support were first studied and then various
types of scrim fabrics were used to provide strength and dimensional

stability.

5.5 Fabric Finishing

Fabric finishing is a very important parameter in affecting the properties
of a fabric. Shrinking, calendering, resin and heat treatments, etc.,
are possible finishing techniques which can improve the performance of
needle punched fabric in filtration,
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SECTION VI

FABRIC CHARACTERISTICS AND THEIR METHODS OF
TESTING

Filter fabrics have to satisfy two basic requirements; to have high
collection efficiency at low pressure drop and to endure the mech-
anical strains expericnced in use. The physical properties investi-
gated include fabric thickness, weight, density, air permeability,
bursting and tensile strengths. Fabric resistance to the air flow for
clean filters was measured for different rates of flow. Pressure
drop and collection efficiency using flyash contaminated air were
measured, FEfficiency measurements using homogeneous size aerosol
were also carried out, The following represents the relevant fabric
characteristics and their methods of testing.

6.1 Fabric Thickness

The thickness measurements were made using a compressometer and
according to ASTM Standard Method D 1777, The presser foot was

7 3/32 inches in diameter and the pressure applied was 0,005 psi (which
is the lower limit recommended for nonwovens by the ASTM standard).
The instrument precision was *0.001 inch, Five mcasurements were
made and the average was calculated,

6.2 Fabric Weight

The measurements were made for each fabric according to the ASTM
Standard Mcthod D 1910 and the average weight in oz. /yd,2 was
calculated.
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6.3 Fabric Density

From the measurement of thickness and weight per unit area, the
density of the fabrics in g/cm3. was calculated, Since packing density,
defined as the ratio between the volume of fibers to the volume of filter,
is normally used to characterize filter fabrics, the values of the packing
density were also calculated,

6.4 Air Permeability

The air permeability was measured according to the ASTM Standard
Method D 737 using a Frazier Apparatus. The pressure drop was
maintainced constant at 0,5 inches of water, Five measurements were
made and the average was calculated., For most textile applications
the air permeability is measured in terms of the volume of air passing
through the fabric per minute and per unit of area of fabric, In this
case the fabric thickness is not considered important, In the case of
nonwovens, such as used in this investigation, the fabric thickness
varies considerably and had to be considered. Therefore the values
of the modificd permeability (air permeability-thickness product)
were calculated.

6.5 Bursting Strength

Bursting strength is an important property for filter fabrics, The
bursting strcngth was measured on the Scott Tester with a bursting
attachment, according to ASTM Standard Method D 231, The diameter
of the hole was 1,75 inch and the ball was 1 inch in diameter. Ten
measurements were made and the average was calculated,

Since the fabric wecight was a variable, the bursting strength was cal-
culated by dividing the bursting load by the weight per unit area.

Only bursting strength rather than tensile strength is considered
since it closely relates to the deformations experienced in actual
applications.

6.7 Pressure Drop and Efficiency

To test the filters for pressure drop and collection efficiency using
flyash, an apparatus has been designed and constructed. It consists,
as shown in Figurcs 8 and 9 of an air duct, a dust feeder, a testing
section and a temperature and humidity control system. Efficiency
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Figure 9, Centralized Controls

Flyash Apparatus
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measurcments using homogeneous size solid particulates were also
carricd out, For this purpose another apparatus consisting of an
acrosol gencrator, test section and photometer was used.

6.7.1 Flyash Apparatus

6.7.1,1 Air Duct and Testing Scction

The air duct is made of aluminum piping 4.5 inch inside diamcter. An
cight inch diamecter section is provided at the upstrcam end of the
duct to housc an absolute prefilter to rid the incoming air from
particulates larger than 0.3 micron. A 40 inch long calming scction
is providced before the test filter to insure uniform streamline flow.,
The air flow through the test section is governed by means of a gatc
valve and a by-pass valve located at the downstream end of the duct,

The test filter is mounted in a filter holder, as shown in Figure 10, It
is designed with adequate scaling features to prevent any possible
leakage either from the atmosphere to the test section or from
upstream to downstream around the filter, A periphery blower having
a capacity of 98.8 CFM is used to induce the flow of air through the
duct, The air flow is measured by means of three rotameters manu-
facturcd by Brooks to cover the range from 0,22 to 22 CFM with
precision of £1%. A micromanometer manufactured by Meriam and
having a range of 0 - 10 inches of water with precision *,001 inch
rcading is uscd to mcasure the pressure drop across the filter, Two
surge tanks in scrics arce placed between the rotameter and the blower
to c¢liminate fluctuation in the flow readings.

6.7.1.2 The Dust Feeder

The dust used for the collection efficiency tests was flyash having a
classification as shown in Figure 11, A modified version of the dust
fecder previously used by Lockheed-Georgia Company | 30] has heen
adopted. A complete assembly of the feeder is shown in Figurc 12 and
13, It consists of a conical dust hopper and a mixing chamber., The
dust is fed from the hopper into the chamber by an auger placed
centrally in a pipe extended from the bottom of the hopper. The rate
of dust feeding is controlled by adjusting the speed of rotation of the
auger,

A pressurized housing around the dust pipe at the exit of the dust hopper
is designed with tangential air passages as shown in detail A of
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Figure 13, Dust feeder
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Figure 12. This generates a swirl action which helps in breaking up any
coagulated dust. Mixing blades are also used to this effect in the
mixing chamber., Means to control the swirl is also instrumented in
the design by controlling the air feed to the pressurized housing. The
concentration and size of the particulates leaving the feeder is
regulated by mixing it with controllable bled air in a vertical pipe

(8 inch inside diameter and 6 feet long) before entering the main duct.

6.7.1.3 Temperature and Humidity Control System

In order to provide for specified temperature and relative humidity
condition of the flowing stream, a temperature and relative humidity
control system was designed and constructed as shown in Figure 14,

Air enters through an air cooling unit (1) where the temperature and
humidity of the air stream are reduced from that of room conditions.
An electric heater (2) is provided to raise the temperature of the air
if required, while a humidifer (5) is provided to increase the relative
humidity to the desired value, The humidifer is a steam generator
working under atmospheric conditions, The level of the water is
controlled by a float system (6). For safety purposes a low level
alarm is also included whenever the float valve fails., The heating
element is regulated by means of an electric control system which
uses a humidity grid sensor, placed in the air stream, to sense its
relative humidity.

The relative humidity of the system is controllable in the range of 30 -
99(() at 750F.

6.7.2 Latex Aerosol Apparatus

The apparatus consists of an aerosol generator, a test section, and a
photometer as shown in Figure 15.

v

The acrosol gencrator is a Fluid Atomization Generator Model 7300,
It utilizes air-blast atomization and inertia impaction to produce a
monodisperse acrosol, It produces aerosol at rates of up to 109
particles/second with size range of 0.03 to 3.0 micron.

The test section consists of a main duct 1 5/8 inch inside diameter
pipe at the end of which a filter holder is attached.

*Manufactured by Environmental Research Corporation, St, Paul, Minn.
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The photometer is a Climet CI-250 portable partlcle counter than can
measure concentrations up to 106 part1cles/ft and particle sizes
larger than 0.5 micron.

6.7.3 Test Procedure

Experiments were made without dust to determine the effects of flow
rate, needling intensity and the various fabric parameters on the
pressure drop of the filters, The temperature and relative humidity
of the air were kept at 75°F and 50% throughout these experiments and
the flow rate was varied up to 200 feet/minute.

During the flyash experiments only one filtration cycle (starting with a
clena filter) was used and the air velocity was maintained constant at

45 feet/minute. The efficiency of collection was determined by
measuring the weight of flyash collected on the test filter and the weight
of flyash penetrated during the test, Accordingly -

weight 6,f flyash collected
weight of flyash collected + weight of flyash penetrated

Collection efficiency =

The weight of the flyash collected was obtained by weighing the test

filter before and after the test. The weight of the flyash penetrated was
determined by passing the air downstream through a high efficiency

filter capable of capturing particulates down to 0.3 micron with 100
percent efficiency. The difference in weight of this filter before and
after the test gave the weight of flyash penetrated through the test filter,
The weighing was done on a sensitive balance with precision of + 3 x 105g
The test duration was kept at 10 minutes and the pressure drop was
recorded each minute.

In the aerosol experiments air is supplied to the aerosol generator
(Figure 15) at 100 psig and is reduced to 35 psig by valve (1). After
passing through a desicant air drier and an absolute filter, the air _
flow branches into collision air and dilution air. The collision air is_
always set at 9 liters/minute and the flow rate is indicated on flow-
meter (B). The collision air passes through the atomizer and collides
with the latex suspension which is introduced into its path. The
dilution air is regulated by valve (5) to 67 liters/minute as indicated by
flowmeter (A). This flow rate is sufficient to evaporate the moisture
droplets in the aerosol mixture. The two branches then combine and
form a mixture of air and latex particles. The aerosol then passes
through the ionizer where charges on the particles are neutralized.
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The aerosol is then passed through the main duct and the flow rate is
varied by using valves (2) and (4). Any excess aerosol mixture is
exhausted and thus the aerosol generator remains at a steady rate
conditions while the system demand varies. The particles are counted
by the Climet photometer before and after the test filter by means of a
3-way valve (3) for various velocities. For low velocities valve (2) is
closed and the flow is controlled solely by valve (4) and the flow rate
is measured by flowmeter (2). For. high velocities (above 8. 75 cm/sec)
valve (2) is adjusted to allow a fixed flowrate to pass as indicated by
flowmeter (1). Additional flow passes through the photometer and is
controlled by valve (4) and measured with flow meter (2). The filter
face velocity is found directly from the total flow from flowmeters (1)

and (2).
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SECTION VII

RESULTS AND DISCUSSIONS

In designing a filter fabric two major performance qualities have to be
considered, First, the fabric performance as a filter in terms of
collcction cfficiecncy and pressure drop., Second, the fabric has to
possess certain mechanical properties to endure the stresses applied
during filtration and cleaning cycles, The effects of the main fabric
paramcters on the properties of needle punched fabrics and their
filtration performance are presented.

7.1 Effect of Fiber Orientation

Fabrics were produced using random-laid and cross-lapped webs having
approximately the samc weight per unit area. The various fabric
propertics were measured according to the previously mentioned
proccedure, Fabric thickness and weight per unit area values are given
in Tables A-1 and A-2. In gencral, there is a considerable reduction
in thickness and weight by increasing needling intensity. Random-laid
fabrics had slightly lower thickness than cross-lapped fabrics, This is
due to the low thickness of the original random-laid web caused by the
air pressurce on the fibers. Another important factor is the fiber
sprcading which normally takes place during needling.

Figurcs 16 to 18 show the effect of fiber orientation and needling
intensity for the three needle sizes used. There were little differences
between the density values for the two orientations, with the random-
laid slightly higher than the cross-lapped. The density was increased
at a diminishing rate with ncedling intensity, as expected. Table A-3
gives the corresponding values for the packing density.
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Iigurcs 19 to 21 give the air permeability results for the two fiber
oricntations. It can be scen that, the air permeability relationship with
ncedling intensity shows a minimum. At low needling intensities, the
cffect of increasing the packing density dominates leading to the
decreasce in air permeability. At high needling intensities, however,
the cffect of punching is more pronounced and thus the increase in air
permeability. It can also be seen that the effect of fiber orientation
was not significant, Figures 22 to 24 show the relationship between
the modified air permecability and needling intensity for the two fiber
oricntations. The cffect of needling intensity is to reduce the air
permeability-thickness product, even at high needling intensities,
which is in agreemecnt with the increasec in fabric density. This shows
that the air pcrmcability—thickneés product is a more accurate
representation for the resistance of the needled fabric to the air flow

than air permeability alone,

Buarsting strength results arce given in Figures 25 to 27, It is clear that
bursting strength is incrcased with needling intensity in a similar
manner to the fabric density,

The pressure drop was measured using clean air at different flow rates
and the results are given in Appendix B, It was found that there were
little differences in the values of the pressure drop per unit thickness
at low levels of flow rate to make any conclusions related to changes in
fabric structure. The results for flow rate of 90 feet/minute are
prescented for the two fiber orientations in Figures 28 to 30, The’
pressurc drop per unit thickness increases with needling intensity with
a diminishing rate, This is again similar to the change in fabric
density with needling intensity., It can be.secen that the effect of fiber
orientation is very small,

Ifiltration results [or the fabrics produced with the two orientations

and the three necedle sizes are given in Table 1. Duaring the experiments,
considerable variation in inlet concentration was found to occur.

This was «uc to the extreme difficulty experiencea in controlling the rate
ol dust feed from the hopper to the mixing chamber, For this reason

the efficiency and pressure drop results arc accompanied by the
concentration values, It can be seen that the efficiency and pressure
drop changed over a narrow range; however, on the average the random-
laid fabrics gave higher cfficiency than the cross-lapped fabrics.,

I'rom the foregoing discussion it was concluded that little differences

cxisted between the fabrics produced with the two fiber orientations,
In addition to the slight advantages mentioned for the random-laid
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Table 1, BATCH FILTRATION RESULTS
(Effects of fiber orientation and needle size)

Needling ’ AP AP
Fiber Needle Intensity C 3 Inchecs Inchefs Efficiency
Orientation Size Punche s /in? gr,/ft. HZO HZO %
122 1.42 0.085  0.665 97.18
20 245 2.39 0.080 0.890 97. 66
gauge 368 1.62 0,081  0.900 97.59
49Q 2.46 0.080  0.940 97. 68
735 1,87 0,080 0.880 97.33
122 2.07 0.120 0.755 3,60
25 245 1.54 0.105 0.705 98, 48
Random- ) 368 1,69 0.090 0.800 97.23
Laid gauge 490 1.79  0.080 0,740 97.93
735 2.00 0.070  0.795 98.00
122 1.77  0.100 0.615 97.91
32 245 2.06 0.100 0,880 98.25
368 2.06 0.090  0.925 98. 45
gauge 490 1.28 0.110  0.645 97. 42
735 1.92 0,090 0,865 97. 81
122 2.39 '0.080  0.835 97.91
20 245 2.40 0.095 0.850 97.92
368 1.69 0.060 0,590 96. 69
gauge 490 1.72 0.070 0.600 97. 44
735 1.89 0.068 0,610 97. 30
122 1.39 0.095  0.815 96.98
245 1,82 0,075 0,785 97. 80
Cross- zi‘e 368 1.69 0.075 0. 800 97.99
Lapped gaug 490 1.80  0.090 0,830 98,17
' 735 1.76 0,085 0,810 97.90
122 1.72 0.105 0.850 98. 14
245 2.10 0.090 1,070 97.95
32 368 1,77 0.070  0.390 97.74
gauge 490 1.62 0.090 0.825 98.15
735 1.85 0.080 0.790 97.95

Air Velocity = 45 ft. /min,

/\Pr = Pressure drop at the end of 10 minute duration tests,

AP = Pressurc drap for clean filter
'C? = Inlet concentration
Needle penetration = 0.25 inches
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fabrics, high production speeds in manufacturing the webs led to the
decision in favor of using random-laid webs throughout the rest of this

investigation,

7.2 Effcct of Needle Size

In gecneral, needle size is an important parameter affecting the properties
of needled fabrics. Large needles normally reorient a large
number of fibers into the pores, however, the larger the needle the

more fiber disruption and fiber damage take place, In this investigation,
it was necessary, to study the effect of needle size on the performance

of needled fabrics in filtration.

Figurc 31 shows the cffect of needle size on fabric density. The 25
gaugce ncedle gave the highest fabric density. It may be expected that
the 20 gauge needle should give the highest density, but because of
fiber disruption which occurs during needle withdrawal from the fabric =~
the packing is reduced, ‘

The cffect of needle size on air permeability is presented in Figures 32
and 33, The air permeability-thickness product shows clearly the effect
of needle size, The fabrics made by the 25 gauge needles gave the
lowest values which is in good agreement with the density results.

Figure 34 shows the effect of needle size on the fabric bursting strength
and again the results agree with the explanation mentioned earlier for
the fiber damage caused by the 20 gauge needle, It is clear that the

25 gauge needle gave the highest fabric strength,

The pressurce drop per unit thickness results shown in Figure 35 also
show that the 25 gauge necdle gave the highest pressure drop per unit
thickness as a result of the high packing density., However, the flyash
test results given in Table 1 indicate that the pressure drop (APC) for
the fabrics made by the 25 gauge necdles did not differ appreciably
from those of the other fabrics. The efficiency valucs show a slight
advantage for the 25 gauge fabrics. Based on these results the decision
was made to climinate the 20 gauge needle and to limit the range of
nccedling intensity to 122-490 punches/inch™, During the study of the
other paramceters the 25 gauge needle was mostly used,

7.3 Effect of Fiber Loength

To study the effects of fiber length on the pe rformaﬁc,ev of ;eedle
punched fabrics, Dacron® type 54, 3 denier fiber of length 13, 2, 2%,
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and 3 inches, were used., The results are presented in Figures 36 to

40. Generally there was no significant change in all the fabric properties
duc to fiber length, The reason for the high bursting strength shown in
Figure 40 for the 3-inch fabric is the fact that the sample size is 2%—
inch in diameter. This means that the structure does not play any role '
and the strength is derived from the long fibers in the sample.

The results of the batch filtration experiments also showed no appreciable
cffect for fiber length on the pressure drop or efficiency of collection as
shown in Table 2. Accordingly, the 13-inch fiber was chosen for its
casy handling on the Rando-Feeder Rando-Webber Machine.

7.4 Effect of Needle Penetration

To study the cffect of ncedle penetration it is useful to present the defi-
nition of penetration [31]. Figure 41 shows a schematic drawing for the
arrangement of needles and the guide plates. The penetration is given
by the length of the ncedle protruding below the top surface of the
bottom guide plate. Driring this investigation four levels of needle
penctration were used ranging from 0,25 to 0.5 inches with a step of
onc barb penctration of 0.083 inch, in batch testing.

Table 3 gives the results of fabric packing density for different needle
penctrations, The packing density was increased with the increase in
ncedle penetration as expected., The air permeability-thickness product
values are given in Table 4. This shows that the air permeability-
thickness product is reduced with increasing the needle penetration due
to the increase in packing density., Table 5 gives the results of the
fabric ball bursting strength which increases with penetration up to a
certain level, At high ncedle penetration the bursting stréngth‘
decrcascd indicating an increased level of fiber damage. Table 6 gives
the filtration results for the various needle penetrations and on average
a 0.333 inch penctration (p,) gives the best results for efficiency
and APf. In making the comparison, it is clear that penetrations

and py had disadvantages; fabrics with Py had low packing density and
bursting strength, whereas, those with Py had high packing density and
low bursting strength., The decision was to use penetration p,-since
this sctting resulted in a low level of needle damage during punching.
Thercefore all the fabrics presented in the remainder of this report
were produced with needle penetration setting P, (0.333 inch).
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Table 2. BATCH FILTRATION PERFORMANCE
(Effect of Fiber Length)"'<

Neecdling AP AP
Fiber Intensity Ci c £ Efficiency
Length 5 or /ﬁ3 Inches Inches %
Punches/in, T HZO HZO
122 2.45 0.100 0.96 97.88
11n 245 2.25 0.055 1.18 97.96
2 368 2.00 0.085 0.73 98.14
490 2,38 0.090 0.85 98.27
122 2.03 0.120 1.05 98.02
2 245 "1.89 0.115 0.94 98. 54
368 2.27 0.090 1.01 98.17
490 1,81 0.0388 1.05 98.83
122 2,02 0.110 .98 98.33
5L 245 1.80 0.100 1.06 98.2
368 2.16 0.090 0.92 98.10
490 1.83 0.100 0.93 98.03
122 1.76 0.105 0,84 98,04
30 245 1.74 . 095 0.74 93.3
368 2.04 .110 1.04 98.44
490 1,66 . 090 1.79 97.62

Air velocity = 45 ft/min.

Needle penetration = 0,333 inch
*
Random laid webs
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Table 3. EFFECT OF NEEDLE PENETRATION ON PACKING DENSITY

Needli'ng Packing Density %
Intensity
Punches/in?' Py P2 Ps Py
122 1.4 1.9 : 2.0 3.0
245 2.0 2.4 2.6 2.9
368 2.4 2,8 2.9 3.4
490 2.9 3.2 3.3 3.5

Table 4. EFFECT OF NEEDLE PENETRATION ON AIR
PERMEABILITY-THICKNESS PRODUCT

Needling Air Permeability-Thickness

Intensity Product (ft%/ft% min. )
Punches /in.2 pl ) P3 Py
122 16,5 8.8 17,1 4,6
246 13.0 6.1 5.2 4.0
368 12.4 4.9 5.2 3.9
490 11.4 4.2 4.5 3.9

Random-laid, 25-gauge, Dacron® 13" x 3,0 denier
p, = 0.250", p, = 0.333", p, = 0.416", p, = 0.500"
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Table 5., EFFECT OF NEEDLE PENETRATION ON BALL
BURSTING STRENGTH

Ncedling Ball Bursting Strength
Intensity 1bs. /oz. /sq. vd.
Punches /in, Py Py Py Py
122 5.0 5.5 8.7 7.9
245 6.8 9.0 11,4 10.4
368 10.0 12,0 11.9 10.6
490 13,4 14,2 14,4 11.3

Random-laid, 25-gauge, Dacron 1%" x 3.0 denier
P, = 0.250'", p, = 0. 333", Py = 0.416", P, = 0.500"
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Table 6. BATCH FILTRATION RESULTS
(Effect of Needle Penetration)

Needling AP AP

. C. c f . .
Psi;:;g;on. hﬁensny‘z i Inches Inches Efﬁ;;ency
’ Punches /in. gr. /ft, HZO HZO
122 2.07 0.120 0,755 98. 60
245 1.54 0.105 0.705 98,48
P, 368 1.69 0.090  0.800 97.28
490 1.79 0.080 0.740 97.93
122 1.85 0. 140 0. 820 98,42
245 1.63 0.110 0.735 98.26
P, 368 1,64 0.125 0.730 08.42
490 1.50 0.130 0.700 98. 32
122 1.62 0.140 0,825 97.61
245 1.61 0.130 0.770 98. 32
Py 368 1.68 0.120 0.875 98, 30
490 1,77 0.080 0.870 97.67
122 1.66 0.080 0.730 98.23
245 1.84 0.090 0.3835 98, 34
P, 368 1.71 0.120 0.785 98. 49
490 1,77 0.080 0.870 97.67

Air velocity = 45 ft/min.
Random-laid, 25-gauge, Dacron 1%” x 3.0 denier
P, = O.ZSO”,p2 = 0.333", Py = 0.416", P, = 0. 500"
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7. 5 Effect of Scrim Material

Needle punched fabrics without scrims were used in the earlier part of
this investigation to study the effects of the fabric parameters without

the complications of the effect of the scrim material. Tensile strength
and elongation data for a series of these fabrics are given in Tables A-4
and A-5 respectively., The data indicated that these fabrics had low
strength and high eclongation making them dimensionally unstable. This

is not suitable for bag filtration, since changes in the dimensions of

the bag affect the filtration performance. It is also doubtful that such
fabric will stand the strain of filtration and cleaning cycles for a reason-
able lifetime, although some commercial fabrics are made without scrims.

Woven scrim fabrics arce normally used to reinforce necedle punched
fabrics in applications other than filtration. In thesc applications the
major goal is strength and dimensional stability, In filtration, however,
the use of closely woven fabrics as scrim material leads to an increase
in the pressure drop. If open woven scrims are used there is very

. little gain in dimensional stability. This was supported by preliminary
experiments,

Examination of the various nonwoven structures indicated that spun-
bonded fabric have considerable strength and dimensional stability to
be used as a scrim material, Two spunbonded fabrics were selected,
one in which the filaments are nylon (Cerex ) and the other made from
polyester (Reemay ). Fabric weight is very important in the scrim
application, I ight wecight fabrics do not give the desired effect while
hecavy fabrics lead to considerable needle damage and to problems
during manufacturing. Experiments carried out to determine the

best fabric weight indicated that 1.0 and 1,5 oz. /yd? were the most
suitable.

To study the effect of needling on the scrim itself, experiments were
carried out on the Reemay and Cerex fabrics using 25 gauge needles
and the results are presented in Figures 42 to 44, It can be seen

from Figure 42 that needling, in general, had very little effect on the
fabric weight but the Cerex 1,5 oz, /yd2 fabric showed more changc than
the corresponding weight of the Reemay. This may be attributed to the
movement of the filaments in Reemay which also reduces the level of
ncedle damage., Figure 43 showed the changes in air permecability for
the two casces; and it is clear that the inerease in néedling results in
~an appreciable increasc in the air permeability of the Cerex fabrics.
This can also be related to the high packing of the Cerex which leads to
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Figure 42. Fabric weight vs. needling

intensity (Cerex and Reemay spunbonded
fabric only)
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Figure 43. Air permeability vs. needling intensity
(Cerex and Reemay spunbonded fabric only)
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(Cerex and Reemay spunbonded. fabric only)



‘high levels of filament damage with the increase in needling intensity,
The bursting strength curves also show an appreciable reduction for
the Cerex with needling as indicated by Figure 44,

Needle punched fabrics were produced using two layers of web

4,8 oz, /yd? one on each side of the scrim. The fabrics were tested
for all physical properties and filtration performance. Figure 45 shows
the changes in thickness with needling intensity, The lowest fabric
thickness was obtained with the 1.5 oz, /yd2 Cerex scrim, Cerex in
general gives lower thickness than Reemay which is an indication of
higher packing density due to good locking of the fibers into the Cerex.
Figure 46 shows little change in fabric weight per unit area with
needling intensity and minor differences between Reemay and Cerex
scrim fabrics, In both cases, it was observed that the level of fiber
spreading was greatly reduced as compared to the no scrim situation,
Cerex scrim fabric, as mentioned earlier, gave higher fabric density
as shown in Figure 47, In spite of this high density, Cerex scrim
fabric had higher air permeability than the Reemay fabrics as shown in
Figure 48, The effect of needling intensity was not appreciable in both
cases which indicated that the role played by the scrim is more
effective than the needling intensity, The air permeability-thickness
product curves are shown in Figure 49. Although needling the Cerex
fabric by itself gives lower bursting strength than the corresponding
Reemay fabric, it can be seen from Figure 50 that the opposite is true
when needling is done with fibrous webs, The presence of the fibers
protected the filaments of the scrim from damage.

Samples of all these fabrics were batch tested for filtration performance
using flyash, Table 7 gives the data for the flyash concentration and

the results of the final pressure drop (after 10 minutes) and the collection
efficiency. It can be seen that, in general, the Cerex scrim fabrics

gave slightly higher pressure drop than the corresponding Reemay

scrim fabrics, This can be related to the high packing density obtained
with the Cerex scrim as discussed earlier, The efficiency results
indicate that there was no significant difference between Cerex and
Reemay scrim fabrics., However, the heavier the scrim fabric the
higher the efficiency.

7.6 Bag Fabrics

In all previous experiments, the fabrics were made of web layers with-
out prepunching each layer. The layers were assembled and punched
only from one side and with minimum number of passages through the
needling process. This was done to study the effects of needling
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Table 7. BATCH FILTRATION PERFORMANCE OF
SPUNBONDED SCRIMMED FABRICS

Needling AP AP
Scrim Intensity Ci © f Efficiency
Fabric . 2 gr, /ft.3 Inches  Inches %o
Punches/in, HZO HZO

122 1.44 0.105 0.55 97.68

Reemay 5 245 1.61 0,122 0.64 98. 32
1.0 oz. /yd. 368 1,64 0.115 0,77 97.77
490 1,66 0.120 0,62 98,28

122 1,86 0.110 0.96 97.46

Cerex 5 245 1.56 0.102 0.73 97.55
1,0 oz. /yd. 368 1.46 0.122 0.94 97. 39
490 1.64 0.143 1.5 97.63

122 2.05 0,120 0.83 98. 32

Reemay 5 245 1.65 0.130 0.73 98,22
1.5 oz, /yd. 368 2.20 0.120 1,17 98, 35
490 1.41 0.110 0. 85 98,10

122 1,71 0.115 1,05 98.51

Ccerex 5 245 1.60 0.145 0.95 98, 52
1.5 oz. /yd. 368 2.13 0.133 1,22 98,63
0.83 +98, 40

490 1.80 0.094

Air velocity = 45 ft/min,
Needle penetration = 0,333 inch

Random-laid, 25 gauge, Dacron' 13" x 3.0 denier
p, = 0.250", p, = 0.333", p, = 0.416", p, = 0.500"
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intensity and the other fabric parameters to avoid complicating the
fabric structure. It is well known that prepunching the individual layers
before assembly increases the packing density of each layer and hence
the packing density of the final fabric. For this reason it was decided
to prepunch the layers in preparation for the bag fabrics which produces
fabrics with multi-layer structures, In baghouse applications with
needle punched fabrics, cleaning is normally done by using pulse jet in
the opposite direction to the flow, If needling is done from one side
only, the face side of the fabric should be identified and has to be used
as the collecting surface. The backside of the fabric will have fibers
that are not securely held in the fabric structure and may cause
problems in use. Needling from both sides was found to yield better
consolidated fabrics than needling from one side only with the same
total number of punches per square inch, Fabrics produced by needling
from both sides will not require identification of a particular side

which makes fabric manufacturing less troublesome, It is also
speculated that such fabrics will make the cleaning process easier. To
increase the strength of the fabric and the interlocking between the
layers and the scrim, punching was done over four or six passes through
the needle punching machine at 122 punches per square inch each pass.
In the manufacture of these bag fabrics, the webs were

passed through the machine several times, In manufacturing line this
could be achieved by using multiple heads needling consecurtively or
simultaneously from both sides in one pass to increase productivity

and reduce handling and cost.

Bag fabrics were manufactured in the laboratories of Hercules
Incorporated, Rescarch Triangle Park, North Carolina., Four layers

of random-laid webs, 4.0 oz./yd?’ each made from 3,0 denier x l3-inch
Dacron® staple, were used in every fabric, The layers were prepunched
with 25 gauge needles at 122 punches/inchz. Four fabrics were made
without scrim and four with Cerex 1.5 oz, /y(‘l.2 scrim with two layers

on each side. The assembled tayers were punched with 25 or 32 gauge
needles at a speed of 500 punches/minute.

Table 8 gives the properties of the eight fabrics, It can be seen that
the fabrics without scrim suffered badly from fiber spreading as
indicated by the reduction in fabric weight which was also observed
during manufacturing. Needling over six passes with the 25 gauge
needle reduced the fabric strength as compared to that of the fabrics
with four passes. This effect was not pronounced in the case of the 32
gauge fabrics. The bursting strength results also show that the 25
gauge needle caused more damage than the 32 gauge needle,
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Table 8, PROPERTIES OF BAG FABRICS

. Air Ball
. Thickness Weight” Permeability Bursting
Fabric (inches) (0z. / dz) (ft3/ft2 min. ) Load
oz, /yd., . . . (le)
Scrirn:‘: (25 gauge)
S, 0,213 12,8 206.3 153.4
Scrim=:< (25 gauge)
¢ % 122 0.141 11,3 217.9 105.0
Scrim.* (32 gauge)
PR 0.220 13.4 89.0 220.0
Scriﬁ1>k (32 gauge)
6 x 122 0-199 13 o .t
No Scrim (25 gauge) ’ 0.182 7.8 208.6 118.6
4x 122 ' ' ] h
No Scrim (25 gauge) 0.119 5.8 208.4 86.8
6 x 122 . ) ] ]
No Scrim (32 gauge) 0.204 9.8 150.4 191, 6
4x 122 : . ] '
No Scrim (32 gauge) 0 167 8 8 144 1 187. 4

6x 122

Scrim used was Cerex 1,5 oz. /yd.
4 x 122 means 4 passes 122 punches/inchz each (2 from each side)
6 x 122 means 6 passes 122 ].j)unches/inclft2 each (3 from each side)
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Table 9 gives the results of the filtration performance of the bag fabrics
in batch testing according to the procedure described under 6.7. The
scrim fabrics gave higher pressure drop and efficiency than the no
scrim fabrics, Needling six times re sulted in higher pressure drop
than needling four times although there was no significant effect on
efficiency, In spite of the large differences in the air permeability of
the fabrics made with the 25 gauge and 32 gauge needles, little
differences were detected in pressure drop and efficiency.

Bags of 43-inch diameter and 48 inches length were manufactured from
the eight fabrics and were tested in a pulse-jet baghouse at the
Industrial Environmental Research Laboratory, Environmental
Research Center, EPA, Research Triangle Park, North Carolina,
Table 10 gives details of the testing conditions and results for pressure
drop and efficiency for six fabrics. Bags from the two 25 gauge fabrics
without scrim were not tested since they were apparently damaged due
to fiber spreading. For the four fabrics (1 to 4) the results indicated
high efficiency and low pressure drop for inlet dust loading range from
0.5 to 12 grains/ft3 and air-to-cloth ratio up to 9/1. In comparison
with a commercial needle felt fabric (tested under the same conditions
at EPA) the four fabrics with scrim were superior for the above
conditions, The no scrim fabrics tested showed high efficiency only at
low air-to-cloth ratio (6/1). At higher air-to-cloth ratios, the
efficiency was low which can be related to the low dime nsional stability
of these fabrics. When fabrics 1 and 4 were tested at high air-to-cloth
ratios (40/1 and 33, 6/1 respectively) low efficiency and low pressure
drop were reported even at low inlet dust loading. This could be due

to either the high pulse pressure expanding the fabric or due to the
tight fit on the wire cage reported which might have resulted in fabric
stretch which could lead to fabric damage. Figure 51 shows the
appearance of one of the bags tested (fabric 5) at high air-to-cloth ratio
as compared to the commercial felt bag, The bad appearance is due to
the removal of fibers from the fabric surface by handling which can be
overcome by finishing treatments. Treatments such as calendering,
resin application or shrinking could increase fabric stability and
durability, However, these treatments would lead to an increase in the
pressure drop. The effect of calendering was investigated and the results
will be discussed later. Work is needed in the areas of shrinking and
resin treatments to determine their effect on filtration performance of

needle punched fabrics,
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Table 9. BATCH FILTRATION PERFORMANCE OF BAG

FABRICS
AP AP
Fabrie rCi/ft?’ Inclfes InChfeS Efficiency‘
gr./it. HZO HZO 7
2cxri$2(z5 gauge) 1.91 0.14 1.70 99. 30
zc;ilrgz(ZS gauge) 1.81 0.23 3,07 99. 35
Zc;ifgz(?’z gauge) 1. 69 0.21 1.61 99.23
zc}fiinrzlz(32 gauge) 2. 11 0.24 2.70 99,20
?isférzim (25 gauge) 0.07 1,02 98.01
lglc; S;zzim (25 gauge) 5 ¢ 0.07 1.12 97.93
?i slczzim (32 gauge) , g 0.12 1,52 98. 85
1:;){ Slcz?m (32 gauge) 2.09 0.09 1,67 98. 86
Commercial Needle 1.03 0. 40 5.20 99.70

Felt (15.27 oz/yd2)

Air velocity = 45 ft/min,
Random-laid, Dacron 13" x 3.0 denier
Needle penetration = 0.333 inch

Scrim used was Cerex 1.5 oz/yd.z
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Table 10, BAGHOUSE TESTING RESULTS

C AP

66

Cj Inlet o Pulse Pulse Air/cloth - f Efficienc Run
Fabric Loading Grains/ Pressure Interval Ratio Inches % y Time
Grains /ft3 1000 £t3 Psig Sec. ft, /min, HZO ° Hours
25 gauge
Scrim 0.5 L2668 50 140 6/1 0.625 99.961 24
4x 122 3.0 .3134 60 140 6/1 0.99 99.989 20
6.0 . 0820 60 140 6/1 1.51 99,999 21
12.0 4,4587 80 100 6/1 4,22 99.961 21
3.0 11,2842 85 60 9/1 4,23 99. 656 12
0.5 90,9600 90 140 40/1 3.80 82,267 16
32 gauge
Scrim 0.5 .1833 50 140 6/1 0,73 99.967 25
4 x 122 3.0 . 3954 60 140 6/1 1,23 99,987 21
6.0 . 3665 60 140 6/1 1,72 99.994 12
12,0 . 8125 60 140 6/1 2,62 99.993 15
3.0 1.8960 75 140 9/1 3.62 99.937 11
25 gauge
Scrim 0.5 L3761 50 140 6/1 0.62 99.93% 23
6 x 122 3.0 L1109 60 140 6/1 0.91 99.996 22
6.0 .1279 60 140 6/1 1.11 99.998 12
12,0 . 5931 60 140 6/1 1.67 99.995 13
3.0 2.6612 65 140 9/1 3,18 99,912 12




Table 10 (continued), BAGHOUSE TESTING RESULTS

001

Ci Inlet CO Pulse Pulse Air/cloth APy o Run
Fabric Loading Grains/ Pressure Interval Ratio Inches Efflfylenc}’ Time
Grains/ft> 1000 >  T°8 See.  f./min.  H,0 O Hours

32 gauge
Scrim 0.5 .1575 60 140 6/1 0.68 99.972 25
6x 122 3.0 .0563 60 140 6/1 1.21 99,998 21
6.0 . 0842 60 140 6/1 1.69 99.999 13
12,0 .1051 60 140 6/1 2. 60 99.991 13
3.0 23,7140 85 45 9/1 6. 42 99.210 12
0.5 83.1800 90 110 33,6/1 4.85 85,619 12

32 gauge
No Scrim 0,5 L4774 50 140 6/1 0.60 99,926 29
6x 122 3.0 ..3129 60 140 6/1 0.90 99. 989 21
6.0 .4019 60 140 6/1 1.10 99,9093 12
12,0 .4543 60 140 6/1 1,73 99, 996 11
3.0 343,9600 85 140 9/1 4,30 £8.663 15

32 gauge .

No Scrim - 0,5 .4082 50 140 6/1 0.57 99,932 25
4 x 122 3.0 .3874 60 140 6/1 0.90 99.987 21
6.0 - 5353 60 140 6/1 1,11 99. 991 12
12,0 L6172 60 140 6/1 1,55 99,995 10
3.0 57.6599 80 140 9/1 3,47 98. 0781 10
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Table 10 (continued)., BAGHOUSE TESTING RESULTS

C. Inlet .
p e < Pulse Pulse  Air/cloth ~Tf Etficioncy | RUD
Fabric Loading Grains/ Pressure Interval Ratio Inches % Y Time
3 3 . Y 4
Grains /ft° 1000 ft Psig Sec, ft, /min. HZO Hours
" Commercial
Dacron 0.5 0.1511 55 140 6/1 0,60 99,9698 12
Felt 3.0 1,7471 55 140 6/1 1,73 99,9412 75
16 oz/sq.yd. 6.0 9.8174 55 140 6/1 2,92 99, 8339 24
12.0 46,3768 80 108 6/1 7.55 99. 6080 14
3.0
0.5 2,8594 90 85 32.6/1 5.84 99, 4500 17
RH = 50% Temp = 70°F Ap at end of filter cycle C_. = OQOutlet concentration

o]

3
Tests for the NCSU and commercial felt fabrics with 3,0 grains/ft, = inlet concentration and
air/cloth ratio resulted in blinding and the tests were terminated,
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Figure 51, Bag Appearance
A - Commercial Bag
B - Bag Made From Fabric 5



7.7 Experimental Verification of The Theory

Fabric samples were tested for various properties which were needed
for verification of the pressure drop theory, The data of these
fabrics given in Table 11 was used to calculate theoretical values

of the pressure drop. Pressure drop measurements were carried out
without dust and the results are given in Figure 52, It is seen that the
theoretical predication is in good agreement with the experimental
values. The dependence of this approach on counting the number of
pores per unit area and the number of fibers reoriented in the pores,
makes this process time consuming, It is felt that more work is
needed to relate the number of fibers in the pore to the other fabric
parameters which is a very large undertaking,

To establish the role of the collection mechanisms, tests were carried
out using latex sphercs having diameters of 0.5, 1,099 and 2,02

microns and face velocities ranging from 1.1 to 15,75 cm, /sec. in ten
intervals, For each velocity, the particle count before and after the

test filter was repeated three times and the average was used to
determinc the penetration, The data presented in Figures 53 to 55 give
the particle penetration as a function of the face velocity. From these
curves the velocity at which maximum penetration occurs was used in
cquations (48) and (49) to determine the Dorman parameters for the
fabrics designated A to E in Table 12, From this table it is noticed

that the values of kpy for all the filters tested were much smaller than
those of kp and k; parameters., This is mainly due to the very low
particle loading (no cake formation) and the use of monodisperse latex
particles which indicates little contribution from the diffusion mechanism.
This may render the fabrics tested unsuitable for use in the submicronregion,

It is anticipated that modifications of the fabric structure by post
treatments, as mentioned earlier, would improve the performance of
these fabrics in the submicron range.

7.8 Mechanics of Cake Formation

Each of the three collection mechanisms functions efficiently over
limited ranges of particle size, gas velocity, packing density and other
gas ffabric propertics. The incrtial mechanism is highly cfficient when
large particles and gas vclocities are used, The interception mechanism
is independent of gas velocity and is more influenced by the increase in
size of the particles, while the diffusion mechanism dominates when
submicron particles and low gas velocity conditions prevail,
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Table 11, FABRIC PROPERTIES USED FOR VERIFICATION OF THEORY

142!

Needh‘ng Actual Me:an Pore No. of Fiber Fabric Packing
Needle Intensity No. of Pores Diameter . .
Sige 5 Per Inchz N Per Pore Thickness Density
Punches/inch N* D mm n AL mm %
122 120 0.501 133 26.2 1.0
20 245 170 0.590 134 18.2 1.3
gauge 368 215 0,730 103 17.5 1.0
490 235 0.796 151 i4,5 1.5
122 115 0,457 62 16,2 1.6
55 245 160 0.478 83 12,0 2,1
368 210 0.511 82 9.5 2.5
gauge 490 250 0.580 139 8.2 2.7
122 110 0,427 162 22.5 1,2
245 135 0.435 130 17,5 1,5
32 368 185 0.460 81 15,3 1.7
gauge 490 230 0.470 102 12. 6 1.9

Needle Dimension

20 gauge, d = 0,924 mm
25 gauge, d 1,178 mm
32 gauge, d = 1,409 mm

(Dacron 3 denier x 1i-4nch, Cross-Lapped)
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Table 12,

DORMAN PARAMETERS

(500 punches /min,

)

Particle k1 kp kp
Fabric Size (Interception) (Impaction) (Diffusion)
um cm-1 cm-3.sex 10-5 cm™1/3 gec2/3

A 4 x 122 0.50 0.070 2,30 0. 0095
32 gauge 1,099 0.133 16. 30 0.0411
Cerex 1.5 oz /yd" 2.02 0.404 65. 60 0.0990

Scrim
(185 punches /min, )

B 6 x 122 0.50 0.050 9,04 0.0710
32 gauge 1,099 0.102 13,70 0.0720
Cerex 1,5 oz /yd. 2,02 0. 402 64,30 0.2190

Scrim
(185 punches /min.)

C 4x 122 0.50 * % *
32 gauge 1.099 0.373 74. 09 0.0141
Cerex 1.5 oz./yd” 2.02 1,373 151, 36 0.3682

Scrim
(500 punches/min.)

D 4 x 122 0.50 ¥ o *
25 gauge 1.099 0.128 16.15 0.0014
Cerex 1.5 oz /yd, 2,02 0.223 43,39 0.1694

Scrim
(500 punches/min, )

E 4 x 122 0.50 %k * *
25 gauge 1.099 0.239 44,14 0.0083
No Scrim 2.02 0.853 110, 87 0.0298

“Flat penetration curves were obtained leading to no Vm value to calculate
the parameters,
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The cake formed on needle punched uncalendered filters differs distinc-
tively from that formed on any other filter media. Normally the developed
cake over the surface of a filter is homogeneous and has a uniform
thickness, whereas in needle punched filters the dust forms

distinct three-dimensional mounds around the pores as shown in

Figurc 56. This is mainly due to the variation in the packing density
over the surface of the filter caused by the needling process, The
tendency of the flow to follow the leastllrgsistance path causes the

large particles to depart from the streamlines by inertia and deposit
around the pores, and causes the small particles to ride the stream-
lines and deposit in the pores as was explained earlier, The increase
in packing density around the pores allow the inertial and interception
mechanisms to be effectively employed. The increase in the surface
area of collection, due to the orientation of the fibers in the pores
parallel to the flow direction, gives a better chance for the collection of
small particles in the pores, The characteristics of the cake formed
will also reduce the time rate of pressure rise across the filter as
mostly the small size particles are deposited in the pore area.

Figure 57 shows the reduction in the number of pores due to their being
progressively plugged when the test timme was increased from five
minutes to 20 minutes,

A commercial needle felt bag fabric having 15. 3 oz. /yd.2 weight (which
is believed to be calendered) was batch tested and the cake formed was
homogeneous similar to that obtained with woven fabrics, Tt is worthy
of mention that with inlet concentration (Ci) of 1,03 gr. /ft. the
efficiency was 99.7% and the pressure drop (AP;) 5.2 inches of water.
When a needle punched fabric was calendered similar results were
obtained. This indicates that calendering needle punched fabrics
destroys the structure and give high levels of pressure drop.

7.9 Effect of Dust Concentration On Efficiency In Batch Testing

Figure 58 shows the effect of concentration on efficiency for a needle
punched fabric., The figure indicates that the efficiency increases with
concentration up to 1.6 gr. /ft3 after which the efficiency does not
increase substantially, However, it must be remembered that although
‘this trend remains the same for different conditions, yet the level of
concentrations after which the efficiency levels off may vary with test

conditions.
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Figure 56. Dust Cake on a Needle Punched Filter
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Figure 57. Effect of Filtration Time on Cake Formation

Air Velocity = 45 ft/min.
Flyash Concentration: 1.54 gr.lft.3

10 minutes

15 minutes 20 minutes



COLLECTION EFFICIENCY (%)

100

g 1
80—~ i
ol
40
20
% 10 20 30

CONCENTRATION (gr./t3)

Figure 58. Effect of flyash concentration on

efficiency (368 punches/inch®, 25
gouge , 3.0 denier x 12 in. Dacron)
IO minutes fest duration, Batch
Testing , Air Velocity = 45 ft./min.
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7. 1) Effect of Filtration Time On Efficiency and Pressure Drop

Filtration time is an important factor in the determination of the
optimum collection efficiency. Long filtration time is prohibitive
because of the high pressure drop developed across the filter, While
short filtration time will yield low efficiency values. The effect of
filtration time on collection efficiency is shown in Figure 59, It is seen
that for the needle punched filters tested the variation of efficiency

with time is not significant after 10 minutes, which was used in all the

batch tests.

The effect of filtration time on the pressure drop is given in Figure 60.
It is noticed that the time rate of pressure drop increases due to the
increasc in flow resistance with the deposition of flyash on the surface
of the filter, The same figure shows the comparison between the
pressure drop-time curves for woven and needle punched filter fabrics.
The comparison illustrates the effectiveness of needle punched filters
in reducing the time rate of pressure rise in support of the hypothesis
explained earlier,

7.11 Effect of Humidity

The filtration results previously reported were for air at relative
humidity of about 50%. A limited experiment was carried out to
determine the effect of humidity on filtration performance. The results
arc given in Table 13 and it is seen that the pressure drop AP, increases
with the increase in relative humidity., There is also a slight increase
in efficiency but this may not be significant to draw any conclusion. At
relative humidity about 90%, the control on the flyash concentration

was very difficult,
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Figure 59. Effect of filtration time on collection
efficiency (245 punches /inch? | 25
gouge needle , 3.0 denier x 1.5 in.
Dacron ), Batch Testing,

Air Velocity = 45 ft/min.
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Figure 60. Effect of filtration time on pressure drop
(Batch Testing)

*(245 punches/inchz, 25 gauge , 3.0 denier x 1.5 Dacron )
Air Velocity = 45 ft/min.
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Table 13,

EFFECT OF HUMIDITY

RH % Ci APC APf Efficiency
0
0,
gr. /ft? Inches HZO Inches HZO Jo
30 4.11 0.075 1,90 99.05
50 4,17 0.075 2.35 99. 42
70 5.95 0,070 3.60 99, 44

Fabric with Reemay

1.5 oz. /yd.2 scrim

245 punches/inchz, 25 gauge, 10,6 oz, /yd?
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SECTION X
NOMENCLATURE

cross-section area of the filter
fiber radius

mean fiber radius

constant

free surface radius
Cunningham correction factor

drag coefficient for fiber diameter d in filter with volume
fraction o

drag coeff1c1ent of a fiber of average size (df) in a filter
with fiber volume fraction o

inlet concentration

fiber diameter

average pore diameter

effective fiber diameter

drag force

drag force per unit length of fiber with diameter di
average fiber diameter

surface average fiber diameter

function of

drag force per unit volume of filter having fibers normal to
the superficial velocity

drag force per unit volume of fiber having fibers parallel to
the superficial velocity
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F = drag force per unit volume of filter due to fibers normal to

1 the superficial velocity
F2 = drag force per unit volume of filter due to fibers parallel to
the superficial velocity
FD = drag force per unit length of fibers with axes normal to the
1 superficial velocity
FD = drag force per unit length of fibers with axes parallel to the
2 superficial velocity

o

1( ), gz( ): fl( ): fz( ) = funCtion Of

k = Darcy's coefficient

k*, kg’ kf’ ke, kd, kc, kb’ ka = constant

kR = inertial impaction parameter

kD = diffusion parameter

kI = interception parameter

k = function of Cunningham slip correction factor

KO, K1 = modified Bessel functions of zero and first order respectively

kl = Darcy's drag coefficient for fibers normal to the direction
of flow

kz = Darcy‘s drag coefficient for fibers parallel to the direction
of flow

K:ﬂ = Knudson number

1 = mean fiber length

LE = effective thickness

LE .

BN = tortuosity factor

n = number of solid cylinders per unit area

n* = average number of fibers per pore

s = average actual number of pores per inch

‘-*p = number of pores on surface area 1

P = needle penetration

P% = percentage particle penetration
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AP
AP
AP
AL

i

"

I

i

radial coordinate

Reynolds number

surface area per unit volume of porous media
surface area per unit volume of solid material
thickness of the filter

superficial velocity

vectorial velocity

velocity normal to the fiber

velocity parallel to the fiber

radial component of the normal velocity
angular component of the normal velocity
face velocity of contaminated air

velocity at maximum particle penetration

non-dimensional factors

volume fraction or packing density of porous medium, i.e.,

volume of solids per unit volume of the porous medium

volume of fibers normal to the thickness direction of the
filter per unit volume of filter

volume of fibers parallel to the thickness direction of the
filter per unit volume of filter

solid fraction of filter with fibers all normal to the
superficial velocity

solid fraction of filter with fibers all parallel to the
superficial velocity

pressure drop

pressure drop for clean filter

pressure drop at the end of filtration test
filter thickness

porosity

constant
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il

angular coordinate

gas molecules mean free path
viscosity

density of gaseous medium

pressure gradient for fibers normal and parallel to the
superficial velocity

function of

stream function
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SECTION XI

APPENDIX A
FABRIC PROPERTIES

Table A-1, FABRIC THICKNESS
(Dacron 3 den, x 1,5 in.)

Fabric Thickness (mm)

?Tc;edh‘r;g Random-Laid* Cross-Lapped**
ptensity ) 20 25 32 20 25 32
Punches/in, gauge gauge gauge gauge gauge gauge
122 22.5 16,6 24,1 28.0 17.8 22.1
184 22.3 11.6 18.9 21.8 14,3 20.8
245 17.3 10,7 17.9 21.5 11,6 20.0
368 20,0 8.5 17.5 15,6 9.3 15.6
490 13.0 7.5 14,2 15.7 8.2 13.9

735 12,5 5.9 9.8 10,4 6.9 12. 4

b
3%

2
Five layers of web 2,52 oz/yd each,
sk 2
Four layers of web 3.0 oz/yd each,
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Table A-2. FABRIC WEIGHT
(Dacron 3 den, x 1.5 in,)

Fabric Weight (oz. /yd2)

Needling -
Intensity Random-Laid Cross-Lapped
5 20 25 32 20 25 32
Punches /in, gauge gauge gauge gauge gauge gauge
122 9.7 9.8 11,5 10.3 10. 8 10.7
184 10.5 8.6 10,7 9.6 10.5 10,6
245 8.9 8.9 11.0 9.7 9.6 10.8
368 10.0 8.3 11,7 8.6 8.6 9.9
490 7.4 8.9 10.5 8.2 8.5 9.1
735 8.3 7.7 7.7 6.9 7.7 9.2
Table A-3. FABRIC PACKING DENSITY
(Dacron' 3 den. x 1,5 in,)
. Packing Density %
}\Iiedh:g Random-Laid Cross-Lapped
atensity 20 25 32 20 25 32
Punches /in, gauge gauge gauge gauge gauge gauge
122 1.1 1.4 1.2 .9 1.5 1.2 -
184 1.1 1.8 1.4 1.1 1.8 1.2
245 1.3 2.0 1.5 1.1 2.0 1.3
368 1.2 2.4 1.6 1.3 2.3 1.6
490 1.4 2.9 1.8 1.3 2.5 1.6
735 1.6 3,2 1.9 1.6 2.7 1.8
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Table A-4.
(25 gauge) (Dacron

FABRIC TENACITY

3den. x 1.5 in,)

Tenacity (gf/tex)

Needling :
Intensity Random-Laid Cross-Lapped
50 450
Punches/in? H —-L 4 H —L
122 .07 .08 .08 .03 .11 .04
184 .10 .08 .10 .04 .12 .06
245 .12 .11 .13 .05 .15 .09
368 .20 .19 .23 .12 .20 .15
490 .31 .30 .31 .17 .22 .23
735 .75 .52 .62 .44 .41 . 56
Table A-5, FABRIC ELONGATION -
(25 gauge) (Dacron 3 den, x 1,5 1in,)
. Elongation %
Needling : e
Intensity Random-Laid Cross-Lapped
o ‘w0
Punches /in.2 | L 4 L L 45

122 83.2 86.2 77.0 131.8 65,2 109.5
184 81.9 86.4 87.1 145.1 66.0 118.2
245 88.9 85.3 94.1 159.9 66.9 128,2
368 97.6 95.2 101.4 189.7 71,7 143.2
490 90.6 116.7 104.6 159.5 79.8 128.3
735 101.5 103.4 96.5 155.3 84.7 143.3

|| Along machine direction.

—_—
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APPENDIX B

EFFECT OF FLOW RATE ON PRESSURE DROP

The results of the effect of flow rate for the clean filters tested are
presented in Figures B-1 and B-2, In Figure B-1 it is noticed that the
pressure gradient AP/AL for needle punched filters varies linearly with
the flow rate up to 180 ft, /min, In this range the flow is considered
viscous and follows Darcy's law, For rates of flow above this range,
which correspond to Reynold's Number (based on fiber diameter)
larger than unity, the linear relationship ceases to exit, Adley and
Anderson [32] found that the pressure drop of filters having holes to be
nonlinear with air velocity. His explanation was based on the fact that
the flow through the holes follows the poiseiulle flow (i.e. Ap a VZ)
whereas the pressure drop through the remainder of the filter is
proportional to the velocity. The fact that needle punched filters show
a linear relationship between the pressure drop and air velocity is an
indication that needle punched filters can be treated macroscopically
as homogeneous filters. Thus the pores of a needle punched filter
cannot be considered as holes,

In Figure B-2 comparison is made between two clean filters having
approximately the same weight per unit area; a cotton woven fabric
and a needle punched fabric, It is seen that the needle punched filter
offers considerably less resistance to the flow than the woven one.
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Figure B-1. Effect of air velocity on pressure
gradient
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APPENDIX C

The pressure drop theory was based on the measurement of certain
fabric parameters, as given in Table 11, The procedure for measuring
some of these parameters is given in the following:

C.1 Actual Number of Pores Per Unit Area

Because of the difficulty to count the pores in a needle punched fabric,
the following method was used. A chemically bonded nonwoven fabric
was passed through the needle punching machine with a web of red
Dacron fiber glued to it, Using a pick-glass, the positions where the
red fibers showed on the back of the nonwoven fabric, in an area of
one square inch, were counted. Five counts were made for each
needling intensity and the average was plotted against the calculated
needling intensity., The measured number of pores was found to be
less than the calculated number. At high needling intensity the rate of
increase of pores was reduced indicating the high probability that the
pores may have been punched more than once. The effect of needle
size on the number of pores does not seem to be significant between
the 32 and 25 gauge needles., The large needle (20 gauge) gave less
pores than the other two.

C.2 Pore Diameter

Fabric cross sections prepared by the method explained later were

used, The diameter of the pore was measured on the Projectina Screen.
Ten measurements were taken for every fabric and the average values

of pore diameter are given in Table 11, It can be seen that the larger

the needle the larger is the pore diameter. It can also be seen that the
higher the needling intensity, the larger is the pore diameter with

every needle, This is due to the increased packing density which reducces
the disruption of the fibers in the pore as the needling intensity is

increased.,
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C.3 Number of Fibers In The Pores

Fabrics made with red tracer layer on top were examined in this
investigation using exactly the same conditions of the pore diameter
experiment, Representative punches were cut away from the fabric
using small scissors and tweezers, The white fibers in the plane of
the fabric were removed. The red fibers were then separated and
evenly distributed in mineral oil on a slide and examined on the
Projectina, Each end was counted and tagged with ink so it was counted
once, Assuming that the number of fibers equals half the number of
fiber ends, the number of fibers was calculated 10 times for each
fabric. The average numbers are also given in Table 11, This
experiment is a very tedious one and the variation in the number of
fibers between pores is so great which makes it difficult to obtain
statistically significant result, However, the experiment gives rough
average for the number of fibers, The average number of fibers per
pore for all fabrics was 112, The results indicate that the number of
fibers was higher with the large and small needles than with the medium
needle, There was no particular pattern as far as the effect of needling
intensity.

C.4 Method of Preparing Cross-8ections

Fabric samples were mounted in a Dow epoxy resin mixture of both
hard resin (D.E.R. 332) and soft resin (D.E.R. 732). Many resin
proportion ranges and curing times were experimented with before the
best properties were attained to allow microtoming of thin cross-
sections. The best mixture of resins was three parts soft D.E.R.
732 to one part hard D.E.R, 332 with 15% by weight curing agent
(D-126, diethylene triamine)., A gel time of three hours at room
temperature and curing time of 30 minutes at 55°C oven temperature
was used,
Formulation: 65% D.E.R. 732
22% D.E.R. 332
13% D-126

This particular mixture provided the proper consistency for micro-
toming thin sections as thin as 200 microns. This thickness is ample
to provide information about the fabric structure. The thin sections
were mounted in mineral oil for microscopic examination and photo-
micrography.
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Better contrast was attained by using a top tracer layer of red fibers
(same fiber type). For better contrast in photomicrography, mono-
cromatic light was used for illumination, The photomicrographs were
produced with a projection microscope (Projectina) which used
transmitteéd light source and is equipped with a Polaroid Land

Camera — (Graphic ).
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