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Abstract

This paper presents results of theoretical and experimental investigations of the effect of
dust deposition on filter performance. In the theoretical model, the filter is divided into
elements of various structural characteristics and the effect of fibers and deposited parti-
cles on pressure drop and collection efficiency is considered. In the suggested model, the
part of the deposited particles increases the diameter of fibers, the rest form dendrites.
Two dimensional flow fields in inhomogeneous filter mat are described by the continuity
equation and Darcy equation. In order to obtain a clear idea about the effect of dust
load on pressure drop and filter efficiency experimental investigations of clogging process
in filter mats were performed where the temporal change of pressure drop and grade effi-
ciency were measured. Theoretical and experimental results indicate that due to deposited
particles the collection efficiency of filters increases rather rapidly with loading because
the previously deposited particles offer additional collection surface. Deposited particles
increase also the pressure drop across the filter by additional drag to gas flow. Calcula-
tions of streamlines through inhomogenéeous filter mat indicate that deposited particles
increase the uniformity of the flow field. The comparison of the results of calculation and
experimental data on temporal change of collection efficiency and pressure drop shows
considerable agreement.

Keywords: fibrous filter, clogging process, inhomogeneity, deposited particles, collection
efficiency, pressure drop, flow field.

1. Introduction

At present time with increase of generation of air pollutants from various
sources such as motors of vehicles, cement furnace, asphalt plants, coal
fired boilers, etc., the demand for filters is increasing for protecting both
human life nature and equipment in manufacture and use.

Filter performance for a particular application may be characterized
by three factors: (i) the collection efficiency of the clean filter. (ii) initial
air flow resistance, and (iii) change of efficiency and resistance of filter due
to accumulation of particles during the clogging process. The collection
efficiency and pressure drop of clean filters can be calculated from the
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conventional theories but no efficient method for prediction of the effect of
dust load on pressure drop and filter efficiency is available.

Efforts were made by [1,2,3,4,5] to determine the effect of dust depo-
sition on pressure drop and filter efficiency and to simulate the clogging
process in fibrous filters. These methods describe the very complicated
process of filter clogging by neglecting a number of more or less influencing
factors, so they can be expected to give qualitatively correct results only.
The deposited particles that form dendrites become effective from the point
of view of increase of pressure drop and collection efficiency [3,4]. Single
fiber efficiency is a very important parameter in calculation of the filter
efficiency and change of the particle concentration in filter mat. Therefore,
several researchers tried to consider the effect of loading by modifying on
the single fiber efficiency [6,7,8,9]. Most of authors [7,8,9] reported that
the ratio between the single fiber efficiency for loaded filter and that for
clean filter can be approximated by a linear function of concentration of
deposited particles as follows:

M 14+ Aey (1)
nf

Theoretical and experimental studies have been made [10] on the effect
of deposited mono and polydisperse particles on the single fiber efficiency
for uncharged fibers. It was observed that single fiber efficiency increases
linearly for monodisperse particles, whilst exponentially for polydisperse
particles during clogging process. There are numbers of papers describing
the change of total collection efficiency during clogging for monodisperse,
but rather fractional collection efficiency T'(dp) for polydisperse particles
[11,12]. Lavyos [13,14] proposed a model for calculation of flow field in
inhomogeneous filter bed as well as a simplified one-dimensional calculation
of the change of filtration efficiency and pressure drop during filtration
process. SCHWEERS and LOFFLER [15] studied the effect of filter structural
inhomogeneities on pressure drop and collection efficiency of clean filter
mats. LaJos and ABD EL-HAMIED [16] proposed a method for calculation
of change of collection efficiency and pressure drop through a filter mat
during clogging process using several simplified models.

2. Theory
2.1 Particle Deposition Balance

The rate of accumulated particles ( id—t) in a filter element of thickness Az
and flow area (Ayzl) can be derived from balance of mass of particles for
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a filter element. The mass balance equation for a control volume, Fig. 1,

is as follows:
Ei: __{(Js — Jn + (Je_Jw))
At \ Az) Ay ’

(2)

where J is the mass flux and equal to cjv].

Flow direction
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Fig. 1. Grid notation, control volume, nodal location, staggered location

2.2 Effect of Particle Deposition on Pressure Drop

Particle deposition affects the pressure drop to great extent. In order to ap-
proximate the complicated process of particle deposition a model has been
developed combining two types of deposition. A part of the particles forms
a layer on the surface of the fibers increasing in this way their diameter
from df to dyn (thickening model). The rest of deposited particles forms
dendrites that can be considered as additional fibers of diameter d,. We
suppose that at the beginning of filtration process the former mechanism
prevails, later more and more particles form dendrites. Consequently the
share of particles participating in thickening the fibers or forming dendrite
depends on the concentration of the deposited particles.

The dust particles deposited on fibers or on particles separated previ-
ously increase the total surface of fibers and particles in filter element. We
assume that the surface of fibers and collected particles determines the col-
lection surface playing important role in the particle separation. It has to
be considered that the increase of the collecting surface is smaller than the
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Fig. 2. Schematic diagram of the experimental set-up
TIR Instrument for measuring temperature
MIR Instrument for measuring humidity
FIC Instrument for measuring air flow
PI Instrument for measuring pressure

surface of deposited particles, since the particles and fibers and particles
and particles partially shade each other. The relation between concentra-
tion of deposited particles ¢y and specific collecting surface of deposited
particles, ac (m?/m®), of diameter d, is (3)

ac - dppp

6k
where the value of k& constant, expressing the shadowing effect, is smaller
than unity. Using the method proposed in [14], the pressure drop through

a filter mat section of thickness Az equals the drag forces acting on all
fibers and dendrites of unit area of filter mat

Ap = F(Lth + Lgen), (4)

Cq =

where F is the drag force per unit length
F = pvF*. (5)
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In the calculations the Kuwabara model [17] has been applied, that has
proved to be a good approximation of the relation between pressure drop
and flow velocity in the filter mat. According to this method the dimen-
sionless drag coefficient F*

4

=% (©)

where

Ku= —05lna —0.75 + o — 0.25a>

and « is the total packing density [17].

Ly, is the thickened fiber length and Ly, is the dendrite length per
unit area of a filter element of thickness Az [18].

Ly, is equal to the fiber length and Ly, can be expressed by knowing
aden, the specific surface of particles forming dendrites; Lge, = gg—%—A—m—

Tap

According to Darcy equation the pressure drop across porous layer
is directly proportional to velocity through them. The generalized form of
Darcy equation is

v = —C gradp, (7N

where C is the permeability coeflicient. From Egs. (2-7), the permeability
coefficient is

Ku
C = i ) . (8)
4u(_ii_z_+ den)
dih dp

In the combined model proposed by the authors, the share of deposited
particles forming dendrite is expressed by factor b representing the ratio of
dendrite packing density to total packing density of deposited particles [15].

Acge, = bAoy, 9

where Aay is the deposited particles packing demnsity, Aag = &
Pp
The length of thickening fiber per unit volume equals the length of
fibers in clean filter, thus, and using the relation between the specific surface
and packing density, the permeability coefficient Fq. (8) becomes

C= Ku

- af - beg e
16p| — +
(d§ deg

(10)
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2.8 Flow Field

The inhomogeneity of filter structure influences the flow field in filter mats
and the separation of aerosol particles from dusty gases [13]. Also, the de-
posited particles contribute to inhomogeneity of packing density in fibrous
filters and change continuously the flow field during the clogging process. In
calculation of the flow field in filter mat the effect of fibers and deposited
particles are taken into consideration. Furthermore, it is assumed that
gas flow in the filter obeys Darcy equation the e.g. the inertia term of the
momentum equation can be neglected and gas density is constant. Neglect-
ing the displacement effect of fibers and deposited particles the continuity
equation for incompressible gas is

divv = 0. (11)

Substituting Fgq. (7) in Fq. (11), and assuming a 2D flow field, the following
equation for the pressure distribution in a filter mat is obtained

15} o\ 0 /0
50 (C35) 2, (3,) =0 (12)

In accordance with the condition that the pressure is constant at the inlet
and outlet and no flow may pass through the periphery of the filter section
Fig. 1, boundary conditions for pressure are at

(B:O, D = Din,
z = h, p = pin — Ap, (13)
y =0 and y:nsy?}z:O.

Oy

The velocity component can be deduced as follows:

v, = 0P _ 0¥
£ dz Oy’
(14)
o = — Bp__B\II
v 8y Oz’

where ¥ [m?/s] is the stream function.
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2.4 Concentration Field and Filter Efficiency

Knowing the flow field through filter mat and the element separation effi-
ciency, concentration of suspended particles in the flow can be calculated.
The element separation efficiency 7y; ;) is calculated using the conventional
theory with regarding as first approximation the single fiber efficiency for
loaded filter, Eq. (1), and the original fiber surface. (In this case the for-
mation of dendrites and thickening of fibers are considered of calculation
of flow field and pressure drop.)

The numerical procedure starts by determining the pivot elements in
every row of filter grid. The pivot element is an element, all inlet concen-
tration and flow velocity components are known. Particle concentration
leaving that elements are firstly calculated and after that rest of row ele-
ments. Particle concentration leaving each element can be calculated from
the following equation [15]:

Coiri) = Ciig) (1 = n6,5))» (15)

where ¢;(; ;) is inlet concentration of particles that equals the ratio of all
inlet mass flow rates and all inlet flow rates to the element.

The outlet concentration and the separation efficiency for the filter
mat is calculated as follows;

j=nsy
Z:l Co(nsz,j)Vm(nsz,j)Ay
Co(filter) = - : ’ (16)

j=nsy

_Z V:c(ns:z:,j)Ay
j=1

Co

E=1- <E>ﬁlter‘
The differential equation (12) with the boundary conditions, Eq. (13), is
solved using finite volume differencing method [19]. Pressure field is com-
puted at the main nodal locations, while velocities are determined at stag-
gered locations, Fig. 1. Particle deposition is also calculated taking the flow
field and the separation effect of the fibers, and the deposited particles into
consideration.

(17)

3. Experimental Investigation

Experiments have been performed to investigate the clogging process in fil-
ter mats. The experimental set-up, designed and manufactured in Institut
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fur Mechanische Verfahrenstechnik und Mechanik in Karlsruhe University
Germany, Fig. 2, consists of three main parts: the aerosol generator, the
flow channel with two measuring chambers and the actual measuring unit.
Aerosol generator used to disperse powder consists of a rotating brush and
pressurised air flow to disperse definite amount of powder at a highly con-
stant rate. After the aerosol generator a 8°Kr-source (10 mci) as an aerosol
neutraliser is installed because the particles carry generally high electrical
charges after the initial aerosol generation process. Particle concentration
can be varied in a wide range by adjusting the generator and mixing air
flow. After the mixing chamber aerosol is directed in a tubular flow channel
of inner diameter 50 mm. At the inlet of the flow channel the air temper-
ature (TIR) and relative humidity (MIR) can be monitored. The aerosol
flows towards the filter holder that holds the test filter, the diameter of
which is 52 mm and a thickness of up to 2.5 cm depending on the filter
media. Dust particles penetrating the test filter were captured perfectly
by a backup HEPA filter. Behind the backup filter the air flow is moni-
tored by a rotameter and pressure transducer and controlled by a pump
(FIC, PI). The face velocity of the test filter can be altered and adjusted in
the range from 0.1 to 2.0 m/s, which is typical for filter media used in air
conditioning systems. The size and flux of particles upstream and down-
stream of the test filter are measured using two identical optical particle
counters that operate with optically defined measuring volumes allowing
direct measurement in the pipe flow, Fig. 2. Each measuring volume is
situated at the center of the chamber cross section. Several dimensions
for the cross section areas of the measuring volumes were chosen to reduce
the difference in particle counting rates of the optical particle counters,
because the downstream concentration is much lower than the upstream
concentration. The scattered light signals of both optical particle counters
are amplified and evaluated by a special computer program on a PC that
collects and processes the data. The filter pressure drop was measured,
using pressure taps installed upstream and downstream of the filter, by a
differential pressure gauge.

The filtration process is traditionally characterized by grade or frac-
tional efficiency T'(dp) that can be expressed as a function of particle size
dp and other operating parameters

Jo(dpi)
B Ji(dpi) ’

T(dy) =1 (18)

where the subscripts 7 and o mean inlet and outlet conditions, dj; is the
mean particle size of i-th size interval and J(dp;) is the particle flux.
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4. Results

In this chapter theoretical and experimental results on the effect of dust
load on the filter characteristics will be discussed and comparison between
theoretical and experimental results is made.

To study the effect of inhomogeneity of filter structure, firstly, we
assumed that a filter is composed of two parts of initial packing densities o
and o2. Numerical simulations of clogging process have been carried out by
changing the ratio of these parts expressed by y1 which is the ratio from the
cross sectional area A; characterized by packing density « to the total cross
sectional area of the filter A as shown in Fig. 3a. Fig. 3b1llustrates the effect
of 11 on the pressure drop and filter efficiency at constant mean filtration
velocity. Fig. 3b indicates that pressure drop and filter efficiency increase
with increasing vy, i.e. the relative area of filter part of higher packing
density at given filter load. This is due to the fact that the permeability
coefficient decreases with increase of the packing density and consequently
the pressure drop rises. Increasing the relative area y; causes an increase
of collection surface that raises filter efficiency. The change of filtration
velocities in both parts of the filter during the clogging process can be seen
in Fig. 3c. From this figure we can see a relatively high velocity through the
part of low packing density (high permeability) whereas a lower velocity
through the part of higher packing density. The filtration velocity through
the low packing density part of the filter decreases while in the high packing
density part it increases with increasing dust load until they reach the mean
flow velocity vm. At a given dust load we can notice that filtration velocity
in both parts of the filter decreases with increasing the relative flow area
y1. This calculation indicates that low packing density filter elements like
pinholes can influence considerably the overall operation of the filter.

@=008| 0,=0.04

B A |

Fig. 3a. Filter structure; y3 = A1/4

Fig. / shows an example of clogging process calculations for regular
2D distribution of packing density, shown in Fig. 4a, at constant mean
filtration velocity. Solid lines in Fig. 4b show the streamlines at clean
filter, my, = 0, while dashed lines indicate the streamlines at different dust
loads. In Fig. 4c the velocity distributions at £ = 0 and z = h can be
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Fig. 3c. Computed filtration velocity in two parallel paths at different values y;

(pp = 2000kg/m®, y = 1.8107° kg/m s)

seen. A large part of the gas flows with a relatively high velocity through
regions of low packing density, and the other part of the flow passes with
lower velocity through the regions of higher packing density. The change
of inlet and outlet velocity with increasing dust load reflects the effect of
deposited particles on the permeability coefficient and consequently on the
flow field, Fig. 4c. At a given dust load, the pressure drop falls significantly

E%
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Fig. 4a. Filter structure
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Fig. 4b. Streamlines through filter mat

with increasing the inhomogeneity of the filter mat (see Fig. /d) since
the inhomogeneity of packing density leads to an inhomogeneity of local
permeability causing a higher total permeability. It is seen from Fig. 4d
that the filter efficiency at constant packing density is greater than at
changing packing density distribution.

Most real filters can be simulated by randomly distributed packing
density of filter mat. The numerical simulation of clogging process: all
fibers in the filter were assumed as identical and parallel. The packing
density distribution of filter elements is randomly selected from Gaussian
distribution. The number of elements versus different values of packing
density at ¢/ = 0.2 is shown in Fig. 5a. The temporal change of pressure
drop and filter efficiency at different values of relative standard deviation
(o/c)is shownin Fig. 5b. From this figure, it can be seen that pressure drop
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Fig. 5b. Computed results for the pressure drop and filter efficiency at different values of
ofa,(l:am=0.04,2:0/a=0.2, /o =0.3)

and filter efficiency decrease with increasing the value of (o/a) at constant
load. Reductions in pressure drop due to the permeability of filter mat
increases with increasing the inhomogeneity of the filter characterised by
the relative standard deviation of the packing density distribution {13]. The
inhomogeneity of packing density distribution causes decrease in collection
efficiency a result of its influence on the flow characteristics and collecting
surface in filter mat. This reduction in collection efficiency increases with
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creasing the relative standard deviation of packing density as shown in
ig. 5b.

Fig. 6 indicates the change of measured grade efficiency of the filter
th particle size at different filter load. It can be seen that grade efficiency

E%
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decreases with increasing particle size up to 3 pm because the diffusion col-
lection decreases with increasing particle size. For particle size range from
3 pm to 11 pum, the grade efficiency increases because the inertial deposi-
tion and interception are more effective and the diffusion can be neglected.
Furthermore, it can be observed that the grade efficiency increase consid-
erably with increasing dust load because the deposited particles increases
the collection surface and collect more particles from the dusty gas.

Fig. 7 shows the comparison between the experimental and the the-
oretical results for the pressure drop and filter efficiency as a function of
incoming mass of particles. The theoretical results have been obtained
based on the combined model, by using the share factor as a linear func-
tion of the concentration of deposited particles, b= 0.02375 c4, [19] with
the following constant parameters: initial packing density o = 0.02, dust
concentration in incoming gas ¢ = 500 mg/m3 and density of particles 2710
kg/mg. The initial single fiber efficiency is calculated from the clean filter
efficiency by using the conventional filtration theory. The clean filter effi-
ciency is extrapolated from the first and second measurements 1 and 5 min.
from beginning of filter loading. The figure shows that the deposition of
solid particles on fibrous filters causes an increase in the filter efficiency and
pressure drop. Furthermore, it can be seen from this figure that the rate
of increase in filter efficiency is higher at the initial stages, then becomes
smaller in the later stages of loading. In the initial stages of filter loading,
the deposited particles protrude from the fiber surface hence provide a new
surface area and in the given cross section the limiting streamlines move
farther away from the fiber surface [20]. As a result, deposited particles
have a greater chance to collect oncoming particles than an equivalent fiber
surface area and a single fiber efficiency rises. While in the last stages of fil-
ter loading, the newly deposited particles adhere to the particles deposited
earlier and form new layers without considerable increase of collecting sur-
face. In contrast, the change of the pressure drop in the initial stage of
loading is small and in the final stage is rapid. The above behaviour due
in the initial stage, to, the amount of deposited particles is small and the
particles increase the fiber diameter (thickening model) consequently, its
contribution to the filter resistance is small. But in the high loading region
the contrbution of the deposited particles to the resistance is high due
to dendrite formation. The deviation between the theoretical and exper-
imental results may be due to the inhomogeneity effects of the test filter
that requires more thorough experimental investigation to know the macro-
scopic structure of the test filter. Another reason for this deviation is that
calculation monodisperse particles were assumed but in the experiments
polydisperse particles were used.
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5. Conclusions

The main conclusions from this study are:
i) The inhomogeneity in the filter structure plays an important role in
the change of the pressure drop and the filtration efficiency during

the clogging process.

ii) At a given dust load, the filter efficiency and pressure drop through
a filter mat having regular or randomly distributed packing density
is smaller than that having uniform packing density corresponding to
the mean packing density.

iii) The combined model is a suitable approximation in the calculation of
pressure drop during clogging process.
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Nomenclature

Specific collecting surface [m?/m?]
Filter cross sectional area [mz]
Share factor [—]

Particle concentration [kg/m’]
Permeability coefficient [m*/N.s]
Diameter [m)]

Filter efficiency [-]

Drag force per unit length [N/m]
Dimensionless drag [—]

Filter thickness [m]

Mass flux [kg/m?.s]

Constant, Eg. (3), (k = 0.5) [-]
Fiber length per unit area [m/m?]
Dust load [g/m?]

Pressure [Pa

Time [s]

Grade efficiency [—|

Velocity vector [m/s]

Vg Velocity component in z direction [m/s]

£
)

*
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vy Velocity component in y direction [m/s]

Y Relative area [—]

Ay Thickness of filter element [m]

Ay Width of control volume in y direction [m)]

K= 9™ ® »QR

o

Greek Letters

Packing density [—]
Raising factor [m3/kg]
Dynamic viscosity [kg/m.s]
Density [kg/m?]

Standard deviation [—]
Single fiber efficiency [—]
Stream function [m?/s]

Subscripts

Deposited

den Dendrite

gw o

Fiber, filtration
Inlet condition
Loaded condition
Mean value
Outlet condition
Particle
Thickening
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