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Figure 5.33 Baghouse filter systems based on inside out (left)
and outside-in (right) filtration (picture from
Klingspor and Vernon, 1988)

5.8. Filter systems

5.8.1 Principle of operation, layout

Filter systems are the main alternative for ESP systems discussed in the previous
section. Gases (and also liquids) are separated from dispersed particles by passing it
through a fabric or ceramic filter “medium” with a large  surface area. Particles that
are not able to penetrate the medium will be retained on its surface, forming the so-
called “filter cake”. Generally this filter cake is equally important to the actual
filtration process as the medium. 

Filter systems offer very high collection efficiencies of typically above 99%, over
rather large size ranges. Operating mostly in the same temperature range (120 -
200EC) they have the advantage over ESPs that the electric resistivity of the particles
does not play any role, making them competitive for high-resistivity ashes. A
disadvantage when compared with an ESP is the larger pressure drop and the
allowable gas velocity: typically the face velocity (= gas flow/filter surface, unit: m/s)
also referred to as “air-to-cloth” (A/C) ratio is in the range 0.5 - 5 cm/s. Hundreds
or more than a thousand typically cylindrical or tubular filter bags of fabric materials
are collected in a “baghouse” in which the filtration process is confined, see Figure
5.33. Alternatively, more rigid “candle” filter elements can be used, depending on the
filter medium choice which depends on temperature, gas and particle properties and
unit size. Some general characteristics of gas filtration systems are given in Table 5.12.

Figure 5.33 shows the
two possible modes of
operation for baghouse
fi l ters .  Inside-out
filtration implies that
the gas passes through
the filter from the
inside. This “blows up”
the bag filters to their
maximum volume and
produces the cake on
the inside of the bag.
Outside-in operation
involves that the gas
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Figure 5.34 Early stages of dust cake build-up (left) and filtration through an
established dust cake (picture from Klingspor and Vernon, 1988)

Table 5.12 Types and process quality factors for gas filters

Major type of filters Factors determining process quality

Bag filters made of fabric fibre materials
textile, plastics, ceramic

Removal efficieny

Rigid barrier filters made of metal or of
sintered ceramic, powder or fibres

Pressure drop, pressure drop increase

Granular bed filters based on a layer of
granular solids

Filtration velocity = flow / filter area

Medium properties: 
chemical and physical stability

Filter clean-up and regenerability

enters the filter from the outside surface where the cake builds up accordingly. In this
case a support structure is needed to keep the filters in their shape. The pro’s and
contra’s of the two options depend mainly on the mechanical properties of the filter
medium and the method that is used to clean the filter after a certain pressure drop
has been reached (see next section). During this filter cleaning stage the cake is to
detach from the filter medium and is collected in a hopper which usually comprises
the bottom part of the filter unit.
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Figure 5.35 Baghouse cleaning methods:
reverse-air (top), pulse-jet (centre)
and shake/deflate (bottom)
(picture from Soud, 1995)

The actual filtration process must be distinguished from filtration on a clean filter and
the early stages of filtration until a filter cake has built-up, as shown in Figure 5.34.
Filtration efficiency is at its lowest for a clean filter element and the earliest stages of
filtration may result in bad filter performance over a longer filter period. Often a pre-
coat and pre-heat procedure is used that prevents that the filter medium from acid
condensation and from becoming “blinded” by the finest particles present in the gas
to be cleaned. 

5.8.2 Filter types and filter cleaning methods

Three types of fabric filter systems can be
distinguished, based on the filter cleaning
method that is used: 1) reverse air
cleaning, 2) pulse-jet cleaning and 3)
shake/deflate systems, the principles of
which are shown in Figure 5.35.

Reverse-gas and shake/deflate methods
operate off-line, i.e. the dusty gas stream
must be temporarily interrupted or by-
passed. The pulse-jet method operates
on-line, cleaning a few bags at a time
while the rest of the filter bags continue
filtration, and is most suitable for outside-
in filter systems. Depending on the
duration of the pulse that is required high
pressure (3 ~ 7 bar over-pressure),
intermediate pressure (1 ~ 2 bar over-
pressure) or low pressure (0.5 ~ 0.7 bar
over-pressure) pulses can be applied.
Reverse gas systems are found in inside-
out systems, using cleaned gas from
another filter unit. Low frequency sound
helps removing the cake from the filter. 

Shake/deflate systems are based on a
shaking force exposed by a mechanical
system in combination with reverse air.
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Figure 5.36 A shake/deflate baghouse filter
(picture from Klingspor and
Vernon, 1988)

Figure 5.37 Particle capture mechanisms in fabric
filtration (picture from Klingspor and
Vernon, 1988)

The forces that are exerted on the
particles that actually removes them
from the filter are inertial forces in
shake/deflate systems, viscous drag
forces in reverse flow systems and a
combination of these two in pulse-jet
systems. 

The filter velocity (or air to cloth ratio)
for reverse air systems is ~  1 cm/s,
for pulse-jet systems 1.5 ~ 2 cm/s and
for shake/deflate systems 3 ~4 cm/s,
giving a comparable pressure drop.

Dust cake loads vary from 1~2.5 kg/m² for shake/deflate systems and 2.5~7.5 kg/m²
for reverse air systems to 5~10  kg/m² for pulse-jet filters. A typical filter bag has a
length of 5~10 m, and a diameter of 0.2~0.3 m, giving a surface of 3~10 m² per bag.
Pulse-jet units operate with somewhat smaller bags (Klingspor and Vernon 1988,
Soud 1995, Cooper and Alley 1994).

5.8.3 Filtration efficiency, pressure drop

Particles of different size are removed by different physical mechanisms in a
baghouse filter and rigid barrier filters. As shown in Figure 5.37, which shows the

flow around a filter fibre, five
m e c h a n i s m s  c a n  b e
distinguished. The largest
particles experience a gravity
force that determines their
t r a j e c t o r i e s .  S e c o n d l y ,
somewhat smaller particles will
be removed by internal
impaction, not being able to
follow the trajectory of the gas.
These particles my also be come
in contact with the fibre
collector by a third  mechanism:
the streamlines of the gas flow
are contracting when passing
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Figure 5.38 Particle capture “domains” for a
particle with diameter a, velocity v,
on a cylindrical 5 µm fibre in ambient
air (picture from Davies, 1973) 

Figure 5.39 Particle capture efficiency contour-
lines for a particle with diameter a,
velocity v, on a cylindrical 5 µm fibre
in ambient air (picture from Davies,
1973) 
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Figure 5.40 Typical filter efficiency as function
of particle size (picture from
Zevenhoven and Heiskanen, 2000)

the fibre which leads to interception
of the particle. The finest particles are
removed by a fourth mechanism,
which is diffusion as a result of
Brownian motion. A fifth mechanism
may be effective when electrostatic
forces are generated between the
particles and the collector. This can
be accomplished by an electric field
across the filter in combination with
a particle charging process. 

Which collection mechanism finally
will be the most effective depends on
particle  size and mass, velocity,
density and viscosity of the gas,
electrostatic forces and the filter
used. Moreover, the different
mechanisms are not independent but
operate simultaneously, as illustrated
by Figures 5.38 and 5.39.

The highest removal efficiencies are
obtained for the large particles at
high gas velocities and for the finest
particles at low velocities. The
removal  eff ic iency of  the
intermediate size range of 0.2 to 2
µm, roughly, depends much more on
the particle size/collector diameter
ratio, and shows a minimum in the
size versus efficiency curve shown in
Figure 5.40. This minimum can be
shifted to finer particle sizes by
higher gas velocities, it can be
alleviated by electrostatic forces
(Zevenhoven et al., 1993a, Emi, 1990,
Henry et al., 1985).
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A filter for gas or liquid processing can be operated with constant pressure (drop),
constant velocity or an intermediate of theses two. Two filtration parameters, being
medium resistance and specific cake resistance, relate the flow through the filter and
pressure drop to time. Assuming that the filter cake is incompressible, Darcy=s Law for
flow through a packing with thickness L can be used to relate pressure drop, ∆p (Pa)
 to fluid flow per unit area, i.e. velocity u (m/s), with fluid viscosity ηfluid (Pa.s):

(5-18)

For a filter cake with porosity ε (-), specific cake resistance, α (m/kg) can be defined:

(5-19)

When the deposited cake has a mass w (kg/m5) per unit filter surface, Ruth=s equation
gives (for filtration along x-axis), with medium resistance R (1/m):

(5-20)

The cake mass, w, depends on the volume V (m/s) of
fluid that has been filtered per unit area, the density
ρfluid (kg/m;) of the fluid, and the fractions Ss and Sc

(kg/kg) of solids in the incoming fluid and the cake,
respectively, as illustrated by Figure 5.41. A mass
balance gives

(5-21)

with function / defined as
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For a filtration process that operates under constant pressure (drop), ∆p, the relation
between time, t, and filtrate volume per unit area V (m/s) is then

(5-23)

 Plotting experimental data as t/V versus V produces in this case a line that gives the
value for the specific cake resistance, α, from the slope, and the medium resistance,
R, from the intercept.

Following similar lines for a filtration process that operates under constant flow, V,
the relation between time, t, and pressure drop) is then

(5-24)

Plotting for this case experimental data as ∆p versus t produces in this case a line that
gives, again, the value for the specific cake resistance, α, from the slope, and the
medium resistance, R, from the intercept.

In practice, the filter cake may show some compressibility. In general this can be
related to the (average) pressure, ∆p, that is exerted on the cake, as

(5-25)
More detail about filtration theory can be found in (e.g.) Ives (1975), Coulson and
Richardson (1978).

As with ESP systems the operation of a filter may also be improved by gas
conditioning. The composition of the ash has a large effect on its cohesivity, the
structure of the filter cake that is formed and whether the ash particles will penetrate
the filter medium. This affects the pressure drop but also how well the cake can be
removed from the medium during cleaning, i.e. the residual pressure drop after
cleaning. Conditioning with SO3/NH3 improves the quality of the filter cake (Z section
5.7.8).

Typically pressure drops of the order of 1000-1500 Pa are considered reasonable.
Besides the dust load to the filter, particle size distribution is an important factor for
how fast the pressure drop increases with time. Especially fine particles can result in
rapidly increasing pressure drop and a risk for filter blinding. Usually a somewhat
wider particle size distribution is beneficial for filtration operation and performance.
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Table 5.13 Properties of fibre materials for application in
filtration (from Klingspor and Vernon, 1988)

5.8.4 Filter media

Fabric filter performance over longer periods and filtration costs depend very much
on the material that constitutes the filter medium. Factors to consider are firstly the
temperature of operation that enforces heat resistance, secondly resistance to acidic
or alkaline chemicals and thirdly the resistance to erosion, abrasion and other
mechanical stresses. Particle characteristics play an important role as well: fly ashes
from pulverised fuel combustion differ very much from those from fluidised bed
combustion, or gasification (Scott and Carpenter, 1996).

For temperatures below 80EC cotton may be a good choice, whilst polymers such as
nylon, polyester and glass may be used at higher temperatures. Teflon™ and Tefair™
(Teflon™ + glass fibre) show excellent performance at up to 260EC - see Table 5.13
for more data. For applications up to ~ 450EC stainless steel can be used under
oxidising conditions, under reducing conditions 500-600EC is allowed. At higher
temperatures ceramic materials are the best choice which are usually based on
alumina, quartz or aluminum silicates. An example is Nextel™ 312, mentioned in
Table 5.13. High temperature filtration will be addressed in more detail in section
5.11.
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5.8.5 Granular bed filters

A third type of filter besides fabric or rigid barrier filters are granular bed filters.
Layers or deep beds of solid granules have been used for a long time for the filtration
of gases and, more importantly, liquids. An example is the filtration of drinking water
by large beds of sand. The principle of filtration is different from what was presented
above: for granules with a size larger than ~ 1 mm the fine particles will not be
retained on the surface of the bed but will penetrate the packed bed structure. This
is referred to as deep bed filtration (Ives, 1975).

When using cheap bulk solids such as sand, silicate or alumina gravel, temperatures
up to, say, 450-500EC give good gas filtration performance. At higher temperatures
problems arise due to sintering of the fine particles on surface of the granules which
may lead to filter blinding at short distances from where the dusty gas enters. 

The efficiency of a granular bed filter (GBF) depends on the size distribution and
shape of the particles to be filtered and the particle/granule adhesion force. For
stagnant beds typical efficiencies are ~ 99%, for moving bed filters ~ 95%, for
fluidised bed GBF systems typical efficiencies are ~ 80%. The friction between
granules in moving GBFs and the particle collisions in fluidised GBF systems
explains the lower efficiency compared to a fixed bed GBF.

Granular bed filters are very well suitable for high temperature gas filtration - see
section 5.11.

5.9 Wet scrubbers

Before wet scrubbers were first applied to flue gas desulphurisation (FGD, 7 chapter
3) in the mid-1970s they were already in use for particulate emissions control. Figure
5.42 shows some possible configurations for wet particulate removal from gas
streams. Although not as powerful as filters and ESPs when it comes to removal
efficiency for sub-micron particles, wet scrubbers are able to effectively remove fine
particles and also certain gaseous components from a gas stream by selecting a proper
washing liquid. By far the most common is the venturi scrubber (see also Figure 3.9).
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Figure 5.42 Wet particulate collectors (pictures from Flagan and Seinfeld, 1988)

Table 5.14 Typical operating conditions for wet particulate scrubbers
(from Klingspor and Vernon, 1988)

The capital costs of a wet scrubber are lower than for a baghouse filter or ESP.
Operation and maintenance costs, however, are much higher due to high pressure
drops and problems related to corrosion, abrasion, solids build-up, failure of rotating
parts and re-start problems after a shut-down. Despite the advantage of high inlet gas
velocities of ~ 100 m/s, a collection efficiency of ~ 99% overall is obtained with
system pressure drops of the order of 1 bar. The latter is less problematic when used
in high pressure processes such as PFBC-CC or IGCC (7 chapter 2).


