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Rigid ceramic filters have been proven to be highly efficient gas filtration devices.
However, they must be cleaned periodically for maximum efficiency. This is
done by applying a pulsed reverse flow.The cleaning mechanism by which the
deposited dirt is removed from the filter surface is still not fully understood.
Experiments were carried out to measure pressure drop along the axis of two
different candle geometry, cylindrical and tapered. For the cylindrical filter, the
reverse pulse pressure was not uniformly distributed along the element. Generally,
the pressure difference across the wall of the element is highest at the close end,
and lowest, sometimes close to zero, at the open end. Pressure drop across the
tapered filter was more uniform compared to that of the cylindrical filter. Hence,
it should demonstrate better filter dirt removal. The authors have written a
computer program that models the flow of the reverse pulse from the cleaning
bar nozzle to the dirty side of the filter. It uses the iterative calculation mode and
allows variables such as reverse pulse pressure and filtergeometry to be changed.
The calculations demonstrate fair agreement with the experimental results.
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INTRODUCTION

Rigid ceramic filtersoffer the most promising
technology for the removal of particulate from
process gases at high temperature. Ceramic filters
are normally used in the form of "candles"-
cylindrical tubes with permeable walls. Two
generic types are available, with those granular
and fibrous structures.

Effective cleaning of the filter element is as
important as the filtration process, thus it is
important to study gas flow dynamics in the
reverse flowmode in order to achieve better filter
cleaning. Several studies have been carried out

·To whom the correspondence may be addressed.

on pulse gas cleaning (Berbner and Laffler,1993;
Laux et 01.,1993; Ito, 1993, Chuah et al. 1999,
2001) All have shown that the reverse pulse
pressure isusually not uniformlydistributed along
the filter element. It is generally agreed that
pressure is highest at the close end of the candle
and lowest,or even closeto zero,at the open end.

Differentialpressure measurements along the
filtercandles have been mostlyperformed at room
temperature (Ito, 1993, Stephen et al., 1996, Mai
et al., 1995, 1996). Measurements at high
temperatures have been described and reported
by Berbner and Laffler (1993), Hajek and Peukert
(1995) and Ito et 01.(1998).Table1-1 summarises
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the literature concerning the flow characteristics
during cleaning of various ceramic filtercandles.

Velocity measurements in ceramic filter
elements during pulse cleaning have been carried
out by Baiket 01.(1993), Christ and Renz (1996),
and Biffinet 01.(1997). Baik et 01.(1993) found
that a new filter candle will exhibit a certain
degree of inhomogeneity and has the possibility
of blinding (dust cake remaining accumulated on
the filter surface). This dust will remain on the
candle surface after cleaning. These factors will

severely affect the flow within the candle, both
under operation and cleaning. Christ and Renz
(1996) measured the axial velocity with a laser
doppler Anemometer in order to validate the
numerical simulations of a single filter element
during pulse cleaning. Biffin et 01. (1997)
measured the axial velocityalong the filtercandle
using a hot-wire probe. In their studies, a larger
duration pulse showed no significantinfluenceon
the maximum velocity level inside the filter.

In this paper, a new simulation method for

Table 1.1. Ollervlew oj publication concerning flow characteristic. during recleaning oj lIarfOUScandle types

n.L : not indicated
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Candle Type Properties
(Manufacturer)

Di Do Length Porosity, E Resistance, Reference
mm mm mm % kPa/(m/s)

Ceramic filter 40 60 500 30-48 nj. Kanaokaet al.
(not indicated) (1999)

Tube filter (not 40 70 4000 nj. 59.6 Ito (1993)
indicated)

Tube filter (NGK) 40 70 1000 nj. nj. Ito et al. (1998)

Cerafil S-I000 40 60 1000 86 n.L Stephenet al.
(FOSECO) (1996)

KESS/ISO(BWF) 110 150 1400 93 2 Berbnerand
LOffler(1993)

KE85/60 (BWF) 42 60 975 93 1 Hajek and Peukert
(1995)

KE8S/60 (BWF) 42 60 975 93 1 Mai et al.
(1995, 1996)

Schumalith 40 (SUT) 30 60 1000 37 8.6 Mai et aL
(1996)

Schumalith 20 (SUT)
40 60 1000 36 19.4 Mai et aL

DIA-Schumalith 10- (1996)
20(SUT)

40 60 1000 37 29.6 Mai et al.
(1996)
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predicting the flow field during filter cleaning
process is proposed. A computer program has
been writtento model the flowof the reversepulse
air- from the cleaning bar nozzle to the dirty side
of the filter. The program uses an iterative
calculation mode and allows variables such as
pulse pressure and filtergeometry to be changed.
The results are compared with the experimental
data. The program was also used to predict the
cleaning behaviour of a tapered filterelement. In
this geometry, diameter decreases from the open
end to the close end.

Thisdeveloped mathematical model provided
a simple, quick and acceptable prediction of the
pressure distribution in the filters.The model was
able to predict the pressure drop and the velocity
profile along a filter element during reverse flow
cleaning. The information is useful in filterdesign
and assist in understanding of cleaning
mechanism.

Description of the Model

The simulation program includes calculation
of the contributions of the nozzle jet and the
entrained flow at the filter inlet. It then computes
gas volume flowrate through the orificeand along
the filter element. The details of the analysis of
free jets are illustrated in Appendix 1.

Figure 1 shows the flow maldistribution in a
filterduring filtration operation. Airflowfrom the

Air from
nozzle

Pressure difference

across the wall, L1P

Radial flow

Figure 1: Flow maldlstrfbutlon along filter during
reverse pulse

cleaning bar is determined by reservoir pressure
and hole diameter. The jet entrains more gas as it
fans out towards the top of the filter element. At
the top of the element, the gas mixture has an
axial velocity which is determined by the airflow
from the cleaning bar and the distance between
the cleaning bar and the filter element.

At the bottom of the filter element, the axial
velocity is zero. The internal pressure at this point
is equal to the velocity at the top of the element
minus friction loss between the two points. This
internal pressure causes gas to flow radially
through the filter wall. Gas flow rate is determined
by the permeability of the filter medium and the
internal pressure. The pressure drop across the
wall is related to the resistance to flow of the filter
medium and can be calculated using Darcy's Law
for flow through a porous medium (in the
appropriate form for a thick wall cylinder):

(1)

Where K is resistance of the filter medium, m
is the gas viscosity,D and 0 indicate the externalo 1

and internal diameters of filter.
Above the bottom of the filter,the axial velocity

is greater than zero and internal pressure is slightly
less than at the bottom. The internal pressure
generates further radial flow, resulting in greater
axial flow and a decrease in internal pressure at
the next position heading to the top of element.

Total radial flow is determined by inlet velocity
and medium permeability. Total radial flow cannot
exceed gas inlet flow. The mathematical
description of this model is shown in the Appendix
2.

A computer program was developed to model
the flow of the reverse pulse air from the cleaning
bar nozzle to the dirty side of the filter.The program
uses an iterative calculation mode of Microsoft
Excel and allows variables such as reverse pulse
pressure and filter geometry to be changed. Flow
chart of the program is shown in Appendix 3.

General Experimental Method

Holes were drilled along the candle where a
pitot tube was inserted as shown in Figure 2.
Holes that were not in use were plugged. Airfrom
the blower was injected into the open end of the

September 2002 Vol. 2 No.1. ASEAN Journal of CHEMICALENGINEERING
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Figure 2: Candle mea8urement poeltfons
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Figure 3: Schematic diagramoj a tapered filter element
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Figure 6: Pressure distribution for cylindrical filter, V= 0.06 m3Js
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filtercandle. Pressure differenceswere measured
by micromanometer.

A tapered filtergeometryis shown in Figure3.

Results and Discussion

Figures 5 and 6 show pressure distributionfor
a cylindrical filter candle with an entrance
volumetric flow rate of 0.06 m3/s.The simulation
exhibited fair agreement with the experimental
data for pressure distribution profile. Better
agreement was found between simulation and
experimental results for axial velocity.

The disagreement between the model and the
experimentaldata at the distance closeto the open
end of the filter is caused by the secondary
entrainment flow. Secondary entrainment is
normallythe resultof the pulse tube beingtoo close
to the filter opening. As the gas was pulsed from
the tube a large quantity of pulse gas extends into
the filter.Secondary entrainment gas enters from
the throat of the filter (Figure 4) in the opposite
direction to the cleaning flowand willsuck dusty
gas through the round of throat of the filter.The
model does not model the secondary entrainment
and it is significantthat the calculated results are
differentfrom the measured data at the open end
of the filter.

The simulationof the tapered filtercandle with
an entrance reverse pulse pressure of 3 bar
exhibited good agreement with the experimental
results on both pressure distribution and axial
velocity profiles. A more uniform pressure
generation is found in the tapered filter than in
the cylindrical filter.

CONCLUSION

The results showed that the mathematical
model isable to predict the pressure drop and the
velocity profile along a filter element for reverse
flow cleaning. Both modelling and experimental
results suggest that a more uniform pressure
distribution is found in tapered elements.
Simulations showed that the distance of the pulse
tube has an effect on cleaning pressure
distribution. A long pulse tube distance will
increase the pressure difference in the filter due
to larger volumetric gas flow converted into gas
momentum which contributes to pressure
differences across the filter wall. At longer

distances, increment in pressure differences
became less significant.
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APPENDIX 1

Al.l Analysis of free jets

A brief introduction to turbulent free jets
isgiven by Perryand Green (1984)but a more
detailed review is presented by Rothwell
(1991) who studied the performance ofventuri
"injectors" as he refersto them and the nature
of the pressure pulse generated.
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A free jet, upon leaving an outlet, will
entrain the surrounding fluid and expand as
shown in Figure AI-I. The momentum of the
fluid in the jet is transferred to the surrounding
fluid being entrained. There is some loss in
momentum due to turbulence and static-
pressure gradients across the jet. A jet is
considered to be free when its cross-sectional
area is less than one fifth of the total cross-
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Figure A1-1: Cordfguratlon of a Turbulent Free Jet (after Perry and Green, 1984)
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sectional flow area of the region through
which it is flowing. A turbulent jet is
considered to be a free jet whosejet Reynolds
number is greater than 2000.

Al.l.l Turbulent free-Jet
characteristics

There are four macroscopic regions in
the development of the jet. The fist is the
flow establishment region which occurs in
the region 0<x.<6.4dn where the jet
expands outwardly,entrainingair fromthe
surroundings (assumed stationary). The
velocityof the centralcore isapproximately

equal to the initial jet velocity, V .
XD

The second region is the transition
region between 6.4d <x.<8d and in this

n , n

region, the central core is eliminated. The
next region liesin the range 8d < x.< 100d

n J n

and is termed the region of established
flow where expansion and entrainment
continue. Finallythe jet enters the terminal
region at x.> 100d where the centreline

J n

velocity decreases to zero.
Rothwell(1991) describestwo rules of

thumb to define the jet angleand the outer
limit of the jet. The former is defined as
the half-angle of the cone defined by the
locus of the stream having half the
centreline velocity. The latter is less well
defined and is reported to vary with the
initial state of the secondary air.

Al.l.2 Longitudinal distribution of
velocity along the Jet centre line

Rothwell and others have provided
equations for the velocityvariationswithin
a jet. Consider a rounded-inlet circularjet
where both jet fluidand entrained fluidare
air:

diameter and x. is the distance along theJ

jet centreline from the nozzle.
An expression is also provided for

estimation of the velocity at a radial
distance, y. from the centerline:J

Al.l.3 Radial distribution of
longitudinal velocity

[

_

) ~ )

2
Vx.c y. x.

log -::- - 4 ~ for 7 < -L < 100 (Al-2)
V xJ d.x.

Al.l.4 Jet angle
x.

for --L < 100
do

(Al-3)

APPENDIX 2

a) Nozzle position and discharge rate

The optimum distance between the gas
discharge orifice and the filter inlet, and the
resulting gas flowrate through the orifice, are
calculated based on basic fluid mechanics.

i) Distance from the nozzle to the filter
element at optimum jet angle and perfect
positioning (see Figure A2-1):

D
x'"' --!Ltan[({ a /2)/(360 /21Z'))]-12 (A2-1)

ii) Gas 1J0lumetricflow rate for sonic flow
through orifice of cross-section area, Ao:

q (A2-1)

where C, C1are dimensionless constants and
T is the absolute temperature of the gas

9

stream.
- x.

VXf= 6.4do 1077< t <]00 (AI-I) b) Filter InletV- x. 0
x. J

where the jet velocityalong the centre line

at the nozzle Vx = 10 to 50 m S.l, Vx.c isD I

the velocity at distance x.,d is the nozzle, 0

The entrance flowrate and the gas velocity
entering the element are calculated.

iii) Totalgas flow Qlotal at the entrance of the
filter element:

ASEAN Journal of CHEMICAL ENGINEERING ·Vol. 2 No. 1 September 2002



MeasuringandModelingthePerfonnanceofRigidCeramicFilters 95

Filter entrance

Entrained
air flow L

~
Imetre

Figure A2-1: Schematic diagram oj pulse gas flow Jor pulse Jet tube and ./lIter element
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Figure A2-2: Schematic diagram oj axial and radial directions flows in a ./lIter oj internal diameter, Do'
length, L and external pressure, Po
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v) Velocityhead, statichead equivalent of the
kinetic energy in the stream of uniform
velocity Ut (from Bernoulli's equation):

where x is the distance from the nozzleto the
filter entrance.

ivY Velocity at the entrance of the filter
element:

1 2
Ph = -U f P g2 (A2-S)

u JL
A f

c) Filter tube

(A2-4)
The length of the filterL isdivided into equally

spaced nodes, N. Starting from Eq. (A2-6) to Eq.
(A2-12), pressure distribution is estimated bywhere At is the cross-sectional area at entrance

of the filter.

open end
Vo

closed end

Ur

L

Figure A2-3: Description oj flow In the ./lIter element
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iterativecalculationsof the parameters VwUNand
P along the filter element, taking into account
element geometry and resistance. Boundary
conditions, are (a) filtrationpressure is provided
at the inlet of the filterand (b) at the end of the
filter, the volume flow rate is set to zero, i.e. no
gas flow is permitted through the close end.

vi) Axial gas flow area, A,:

D . 2
A ._tt-L-

I,) 4
(A2-6)

where D.denotes the internal diameter of the
filter at the position of the j-th node.

vii) Cylindrical surface area of radial gas flow
at j-th node, AR:

L
AR,j = ;rDj N -1 (A2-7)

viii)Gas differential volume flow rate through
filter element wall, V:

(

AR.i/)'Pi

)

V. ..
1 K (A2-8)

where subscript j denotes the variables are
evaluated at node-j.

ix) Cumulative loss of gas flow rate through
the filter element wallspreceding node-j:

Pj =~ Vj (A2-9)

sincethere is no fluxthroughthe end of the
N

filter at z=L, Q= ~ Vj

x) Axial superficial gas velocity at j-th position

F.
U. _U--L

) ~,j
(A2-10)

xi) Static equivalent velocity head at j-th
position:

2
Ph . -U. P (A2-11).J J

xii) Static equivalent pressure head at j-th
position

Pj = Phj (A2-12)

APPENDIX 3

Determine boundary
conditions

Input value of

compressed gas

pressure

Calculate the jet flow
rate

Calculate the gas
entrance flow rate into

thefilter

Calculate velocity
head

Calculate the axial

and radial velocity

Print results

Figure A-3 Flow chart of the model
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