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Abstract−The operation range of the pressure drop between the peak and the base line during the pulse-jet cleaning
of a ceramic filter relates closely with the grouping number of the filter elements in the filter unit, as well as the design
and the operation conditions of the pulse cleaning system. A semi-empirical model was developed to predict the pres-
sure drop of the filter unit versus the operation time according to the grouping numbers of the total filter elements in
this study. The model is based on theoretical considerations and the application of the experimental data to develop a
simple equation, which should be useful for preliminary design and operational inspection. The semi-empirical for-
mula predicts the operational values of the pressure drop between the peak and the base line, which suggests the guide-
line for grouping of the filter elements for the pulse-jet cleaning. Peak pressure drop decreases gradually and then
finally approaches a minimum stable value as the number of the cleaning group increases. Otherwise, the base line
pressure drop increases gradually and then finally approaches a maximum stable value as the number of the cleaning
group increases. Thus, the gaps between the peak and the base line pressure drop become narrow as the number of
cleaning group increases. This phenomenon of gap reduction is desirable for the pulse cleaning of the filter element as
it reduces the pulse cleaning load. Moreover, pulse cleaning becomes more effective as the number of the cleaning
groups increases.
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INTRODUCTION

Ceramic filter elements have been known as advanced materi-
als for particulate removal filter units at high temperature and high
pressure, especially for combined cycle power systems such as
integration gasification combined cycle (IGCC) and pressurized
fluidized bed combustion (PFBC). The advantages of the ceramic
barrier filters come from their high capability for superior particu-
late collection efficiency with a relatively low pressure drop [1-3],
as well as their wide adaptability in the variant size and the severe
operational conditions. The most common shape of the ceramic
filter element is the candle type, which is a hollow cylinder closed
at one end and opened at its mouth. The outside diameter and
length of the typical filter element is 0.06 and 1.5 m (ranging from
1 to 3 m depending on the material [2]), respectively. A large num-
ber of filter element are necessary for the commercial filter unit. It
is reported [1] that the number of candles for a 300 MWe plant is
800, 1,500, and 9,600 elements for IGCC (oxygen blown), IGCC
(air blown), and PFBC, respectively. Thus, it is important to arrange
such a huge number of filter elements in the filter vessel. The group-
ing of the filter elements as a proper number is one of the key
technologies for the filter unit design. Schumacher arranged 864
filter candles in 18 groups, where 48 elements were arrayed for every
group for a 250 MWe IGCC plant at Buggenum in the Nether-

lands [4]. Schumacher’s unit consists of a single tube sheet where
the filter elements are mounted on a single venturi for every clus-
ter so filter elements are cleaned cluster by cluster through the
venturl ejector, which provides a uniform pressure distribution on
every filter element in a cluster.

Periodical pulse cleaning of filter elements is the typical method
for maintaining a constant pressure loss of the filter unit. A strong
pulse-jet of high-pressure gas is injected into the mouth of the filter
elements in the pulse-jet method for filter cleaning. Filter cleaning
is based on the fixed time interval or on the pressure of which a
pre-set peak pressure drop is reached. One part among the total
filter elements is exposed to the momentum of the pulse-jet at the
time of pulse cleaning. The choice about how many fractions of
the total filter elements is subjected to the cleaning depends on the
grouping strategy of the filter elements. One group among total (n)
groups is cleaned sequentially at the end of a filtering cycle while
others are carrying out the filtration. A fraction of dust cake attached
on the filter surface is dislodged with the pulse impaction and set-
tles down in the filter unit. Thus, the cleaning mechanism, in case
of the rigid filter element, depends mainly on the momentum orig-
inating from the reverse flow of the pulse gas, which involves the
secondary gas formed during the pulse gas injection.

The efficiency of filter cleaning depends on many factors, such
as cleaning method, design technologies of the cleaning system,
properties of the particulate and gas, operational condition, opera-
tional method, and so on. Many workers are studying the filtration
mechanism and optimization of the pulse system for a single filter
element [5-13], but there are few studies [14] on the group filter
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system. The cleaning efficiency of the filter element in the group
filter system may be governed with several factors originating in
the interaction between one filter and another filter, as well as one
group and another group. Thus, the intensity of pulse momentum
developed in the ongoing filter element is subjected to cleaning, as
well as to the walking of the detached dust cake. Some parts of the
dust cake dislodged from the filter surface may be re-deposed on
the filter surface if they are entrained with the strong force of gas
flow on the right direction of filtration mode, thus becoming the
reason for the bad cleaning efficiency of the filter element. The
environment of a strong interaction between one group and another
group of filter elements may be formed when the grouping num-
ber is so little or so large. Moreover, the number of the filter element
group has a considerable relation with the excessive pressure dif-
ference across the tube-sheet, causing elemental lifting, which is
one of the main reasons for the failure of the filter unit [3]. Thus,
the grouping of the filter element for pulse jet is a primary task in
designing an effective filter unit.

The efficiency of filter cleaning is commonly monitored with
the observation of the pressure drop change after the end of the
pulse cleaning of every group. When the cleaning efficiency is per-
fect, the pressure drop returns the original minimum value of the
state where the pulse cleaning starts for every cycle. However, a
slight increase of the base line pressure drop involves during the
long-term operation of the filter unit even though this is not read-
ily detected in the short term operation during the normal opera-
tion condition. The estimation of the pressure drop change according
to the variation of group number is the goal of this study. It is as-
sumed that the complete surface of the all filter elements subjected
to the pulse jet is cleaned uniformly. The experimental observa-
tions of pressure drops are also carried out to validate the semi-
empirical formula.

THEORETICAL BACKGROUND

Fig. 1(a) shows a typical pattern of the pressure drops observed
in an experimental filter unit during the initial stage of the filtra-
tion time using the fresh filter elements [15]. The overall pressure
drop of the filter unit (ΔPT) indicates the pressure difference between

the inside and the outside of the filter element, and presents the
sum of the pressure drops across the filter element only (ΔPF), the
residual dust cake (ΔPR), and the temporary dust cake (ΔPC) as
denoted in Eq. (1). Those three components of pressure drop can
be isolated individually in an experiment by subtracting each from
each using the preliminarily measurement of ΔPF for the fresh fil-
ter element under the ash-free condition. The pressure drops con-
tributed from each source are described schematically in Fig. 1(b).
At a certain time, one cycle of filtration starts right after a pulse
cleaning carried out and particles start to be accumulated on the
filter elements again. Thus, pressure drop increases from ΔPi and
reaches a certain pressure drop (ΔP) during the run time (ti+1− ti),
where ΔP is the peak pressure drop at the moment of the succes-
sive pulse cleaning. ΔPi+1 is the pressure drop at the right time after
the pulse cleaning is carried out, which is the base line pressure
drop. The locus of ΔPi constructs the base line pressure drop (ΔPB),
which is the sum of ΔPF and ΔPR. The base line pressure drop is
recovered on the level of ΔPi+1 right after the pulse cleaning. ΔPC

and ΔPR represent (ΔP−ΔPi) and (ΔPi+1−ΔPi), respectively.

ΔPT=ΔPF+ΔPR+ΔPC=ΔPB+ΔPC (1)

The increase of ΔPR is mainly due to the remaining dust cakes
which are not removed during the pulse cleaning process. It is dif-
ficult to predict this value with a simple equation. It co-depends
with many factors such as the property of the residual dust cake
remaining on the filter surface, pressure resistance through the pores
which are plugged with the particles penetrating, and the pore size
reduction of dust cake due to compression under the high drag force
of the flow gas. We obtained this value by an experimental study.
In experimental observation, the increasing rate of ΔPR is gener-
ally low in the normal operation condition of the filter unit and can
be expressed as a linear dependency on the run time like Eq. (2)
by ignoring the rapid rising at the initial operation term. The rising
rate of the residual pressure drop (rR) is defined by Eq. (3) and is
nearly zero for the perfect cleaning of the filter element in order to
sustain it for several years. In practice, it lies under the range of
around 1.0×10−3 Pa/h in the experimental observations [16-18].

ΔPR=rRt (2)

Fig. 1. Expression of the pressure drops in a filter unit during the pulse cleaning of the filter element.
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(3)

The pressure drop across the temporary dust cake (ΔPC) is also
governed by many co-dependent factors originating from the prop-
erties of particulate, gas, and the operation conditions, as well as the
pulse cleaning system. Moreover, the compression property of the
dust cake makes the task more difficult in terms of predicting the
value exactly with a simple equation [19,20]. The compression phe-
nomenon of the dust cake is also governed by several effects such
as the particle properties (shape, size, and density) [16-18], the gas
properties (density, viscosity, and humidity) [21], the operation con-
ditions (the face velocity and the cleaning method) [22,23], and the
operation temperature [24]. In general, the pattern of ΔPC shows
an upward curvature according to the mass load [18], which means
the increasing rate of ΔPC is low in the early stage of the dust layer
formation, but considerably increases as its thickness grows for
long-time filtration. This phenomenon indicates that the compres-
sion of the dust cake appeared after its considerable thickness formed
with a multilayer structure of the dust cake.

Though it is too complicated to express ΔPC, a simple approach
of linear increase in pressure drop versus time is approximately ac-
ceptable [24], especially for the case of the non-compressible par-
ticulate or at the operation condition in low face velocity [25]. The
linear assumption of ΔPC is also reasonable in case of a relatively
thin layer of dust cake formed during the short-time filtration in
which the short duration of pulse cleaning cycle is kept. In this study,
the simple and linear approach about the pressure drop rising across
the individual filter element is emphasized as the total pressure
drop of the filter unit is more dominant with the number of the
filter element groups than that of the former one. So it is assumed
that the uniform cleaning for all filter elements subjected to ongo-
ing cleaning by pulse-jet, and the pressure drop rise versus time is
linear as shown in Eq. (4) and Eq. (5) to simplify the calculation

work of pressure drop using the rising rate of temporary pressure
drop (rC).

ΔPC=rCt (4)

(5)

The number of filter elements belonging to one group is N/n
when the overall number of N filter elements is divided into n
groups. Each group is subjected to the successive pulse-jet after its
operation run during n times of individual pulse cycle in the pulse
mode based on the time-based cleaning (TBC).The pulse cycle
depends mainly on the number of pulsing groups. Furthermore,
the duration of pulse cleaning (pulse duration) is usually within
the range of 0.1 to 1.5 seconds to maintain a certain overpressure
in the filter cavity during the injection of pulse gas. The filter ele-
ments in the ongoing pulse cleaning group are exposed to the
back flow force while the others to the forward flow force.

To obtain the general equation to predict the pressure drop rise
versus time, two extreme cases of one group or three groups using
three filter elements as a whole are inspected. All of the three filter
elements are congregated in one group to simulate the case of one
group. All the three filter elements are also cleaned concurrently
during a pulse-jet. Otherwise, each filter element is cleaned succes-
sively in a given pulse cycle to simulate the case of three groups of
the filter unit. Considering that the pulse cycle is 3 min, the pulse-
jet of cleaning gas is injected into the operating filter elements every
3 minutes successively for the case of three groups and every 9
min for the cases of one group as shown in Fig. 2.

Fig. 2(a) presents a schematic diagram denoting the change of
cumulative particle load on the filter surface during the run time
of the filtration (until the moment of the pulse gas injection). The
painted-area in the bar means the particle load fraction covering the
filter surface of each element during the duty of pulse cycle. The area

rR = 
ΔPi+1− ΔPi( )

ti+1− ti( )
-----------------------------

rC = 
ΔP − ΔPi+1( )

ti+1− ti( )
-----------------------------

Fig. 2. Schematic expression denotes the fractional surface coverage of the dust load on the filter elements and corresponding pressure drop
during the pulse-jet for two different grouping modes: (a) and (a') for one group; (b) and (b') for three groups.
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indicates the relative quantity of dust load compared with that of
the whole cycle, which corresponds to the dust loading time during
the ongoing filtration until the next pulse cleaning time. In case of
one group, all of the dust cakes attached on the filter element during
the filtration run are dislodged at the same time on the pulse clean-
ing. The formation of the dust cake then starts from the base from
which the surface of all elements is cleaned; it also begins from the
lowest pressure drop as shown in Fig. 2(a'). Pressure drop across
the dust cake is linearly proportionate with the area mass load of
the filter element [20,26], so pressure drop across the individual
element belonging to the group is also proportionate linearly with
the run time [26]. Total pressure drop of the filter unit represents
the summation of that across the individual filter element. When
the pulse cycle is set up with 9 min for one group case in order to
compare the rising pattern of the pressure drop in the same condi-
tion with the case of three groups, the surface covering of dust
cake continues during 9 minutes with the successive progress of
3 minutes (state 2; SI2), 6 minutes (SI3), finally reaching state 4 (SI4),
and then all of the temporary dust cakes are dislodged from the
surface of all the three filter elements to return to the original state
(SI5 or SI1). The next pulse jet occurs at state 8 (SI8) after the next
minutes again and returns to state 9 (SI9). Here, SI4 and SI8, as
well as SI1, SI5, and SI9, cannot be distinguished. Thus, SI4 rep-
resents the state corresponding to the peak pressure drop of the
filter unit. Further, SI1 represents the state corresponding to the
lowest pressure drop of the filter unit and indicates the pressure
drop when the filter elements are cleaned with the pulse-jet. There-
fore, SI4 and SI1 are repeated to make the peak and the base line
pressure drops, respectively.

When the filtration starts using the three fresh filter elements as
shown in Fig. 2(b) for the case of three groups, areal mass load
reaches State 2 (SD2) after 3 minutes during the first pulse cycle.
The pulse cycle of 3 minutes is chosen to match with the case of
one group with its value being 1/3 times. At the moment of first
pulse injection, 1/3 dust load according to the total filter element
surface is covered on each element, and the first filter element is
subjected to be cleaned to leave SD3 after the first pulse cleaning.
The pressure drop reduction with the first pulse cleaning corre-
sponds to that across the first filter element. The next filtration con-
tinues to reach SD4 during the second pulse cycle of 3 min. At this
time the surface coverages of each filter element are 1/3, 2/3, and
2/3, respectively, for the first, second, and third elements. The sec-
ond pulse-cleaning makes state SD5. The pressure drop reduction
with the second pulse cleaning corresponds to that across the sec-
ond filter element and two times of the first one. The third step
makes SD6 where 2/3, 1/3, and 3/3 of the filter surface are cov-
ered for the first, second, and third elements, respectively. Further
pulse cleaning for third filter element makes SD7, which represents
the state corresponding to the base line pressure drop in case of
three groups. The pressure drop reduction with the third pulse clean-
ing corresponds to that across the third filter element and three
times to the first one. After this step, SD6, SD8, and SD10 are suc-
cessive, which are not distinguishable from each other, denoting
the states corresponding to the peak pressure drop for the case of
three groups. SD7, SD9, and SD11 denote the state for the base
line pressure drop. These two states repeat for every pulse cleaning.

The dust coverage at maximum peak is 2/3 of the full dust load
for total elements, and the dust coverage at the minimum state of
base line pressure drop is 1/3 of the full one. Thus, the rising pat-
tern of pressure drops in the case of three groups lies between the
minimum and the maximum values as shown in Fig. 2(b') corre-
sponding to the fractional surface coverage mentioned above. It is
evident that the peak pressure drop becomes lower, with the num-
ber of pulse groups increasing as the fractional surface coverage
decreases. Thus, the peak pressure drop gets lower as the number
of filter element group increases.

A statistical approach is necessary to generalize the model. First,
the surface coverage of dust cake during the filtration time, which
is proportional to the pressure drop across the filter element, is
considered. The total exposure fractions (corresponding to the sum-
mation of the dust load on the individual filter elements during
the service time) to the dust load are the relative values compared
with the whole pulse cycle of one group, and those are 1, (1+2)/4,
(1+2+3)/9, and (1+2+3+4)/16 for the case of 1, 2, 3, and 4 pulse
groups, respectively. The extension of this rule makes the general
Eq. (6), denoting the total fraction of run time for the case of n
groups. Further, this value is a fraction of the dust cakes remain-
ing on the total filter elements just at the time when the pulse-jet
works to clean one group among the total groups. Thus, the run
time, or filtration time, for dust accumulation corresponding to the
state presenting the peak pressure drop (ΔPC max) is expressed as Eq.
(7) by multiplying the pulse cycle, where τI is the pulse cycle for
the whole groups, which means the pulse cycles for individual group
are τI, (1/2)τI, and (1/3)τI for the case of one, two, and three divi-
sions of the pulse groups, respectively. It is expressed as (1/n)τI in
general. Therefore, ΔPC max and ΔPC min are expressed by Eq. (8) and
Eq. (9), respectively, by multiplying the filtration time by the pres-
sure drop rising rate (rC). Total pressure drop (ΔPT) and base line
pressure drop (ΔPB) of the filter unit at a given run time t can be
calculated by Eq. (10) and Eq. (11), respectively, where ΔPF is the
pressure drop across the fresh filter element and is basically expressed
with the Darcy’s law on the effect of the filter element and opera-
tional condition. However, conditional analysis of pressure drop is
beyond this paper. It is usually about 500 Pa for the fresh ceramic
candle of Dia-Shumalith-10 (from Schumacher Co.) at the face
velocity of 0.02 m/s. The values of rR and rC would be determined
from the experiment in this study in order to apply the simple equa-
tion as possible as for the observation of the pressure drop trend
according to the number of pulse groups.

(6)

(7)

(8)

(9)

(10)

Total exposure fractions = 
1
n2
----- in

i∑

Total run time = τI
1
n3
----- in

i∑

ΔPC max = rCτI
1
n3
----- in

i∑

ΔPC min = rCτI
1
n3
----- in−1

i∑

ΔPT = ΔPF + rRt + rCτI
1
n3
----- in−1

i∑



730 J.-H. Kim et al.

February, 2016

(11)

EXPERIMENTAL METHODS

A test facility was set up to measure the overall pressure drop of
the filter unit inserted in an entrained-bed column as shown in
Fig. 3. The experimental unit provides the uniform dust stream of
constant face velocity and dust concentration by the principle of
the entrainment fluidizing. The particles in a special size range cor-
responding to the superficial velocity of air in the bed are entrained
in the air stream and approach the filter elements to be accumu-
lated on their surfaces while the clean gas passes out. The dust
cakes are detached from the filter surfaces during the pulse clean-
ing and are settled downward but dispersed again in the air stream
supplied from the bottom of the entrained-bed to form the dust
stream in the bed. The tube sheet, where the filter elements are
mounted, divides the filter unit into the clean room and the dust
chamber. Three filter elements of cylindrical type (in the length of
200 mm) are prepared by the cutting of an industrial filter ele-
ment (DIA-Shumalith 10-20 from Shumacher Co.) and mounted

on the tube sheet. The physical properties of DIA-Shumalith 10-20
are described in reference [2]. The concentration and size distribu-
tion of the particles in the dust room are measured using the sam-
ple collected from the sampling tube, which is connected in the
dust chamber.

The pulse-jet generating system consists of a pulse air tank, con-
necting pipe-work, fast-acting valve (pulse valve), and nozzle. The
reservoir volume of the compressed air is 0.03 m3 and maintains a
given pressure for the pulse-jet. Straight nozzles with an inner diam-
eter of 8 mm are fixed on the position of 30 mm above the filter
mouth and connected to the pulse valves which are also connected
to the pulse air tank. The differential pressure between clean room
and dust chamber is measured with a differential pressure trans-
mitter (ST3000 S900 from Honeywell Co.) and its variation versus
time is recorded with a personal computer. Three normally closed
solenoid valves, whose orifice size is 15 mm and flow coefficient is
0.02 m3/s·bar, are used. Total flow rate of the filter unit is measured
using a flowmeter and controlled using a metering valve to meet
the amount corresponding to the face velocity of 0.02 m/s in the fil-
ter element.

The filter elements are cleaned in two modes at the conditions
shown in Table 1. Mode one is time based cleaning (TBC) method
where pulse gas is injected at a given pulse cycle for every filter ele-
ment in the group successively in order. The other is pressure based
cleaning (PBC) method where pulse gas injection occurs when the
pre-set peak pressure reaches a certain value. Pressure drop change
versus time is recorded for the two cases. Three filter elements are
cleaned at the same time for the simulation case of one group and
one of three elements is cleaned successively at a given pulse cycle
for the simulation case of three groups. To realize a similar opera-
tional condition with the case of three groups, the pulse cycle for
one group is determined with the value of three times (9 minutes)
of one group where the pulse cycle is 3 minutes. The pulse gas injec-
tion for the three filter elements is completed within 3 seconds of
the successive injection with a short time interval of 1 s for each
element to realize the concurrent pulse cleaning. The face velocity
and pressure of the pulse air tank are fixed with the values of 0.02
m/s and 5 bars for all the experiments.

The particulate used in the study is the fly ash from a pilot unit

ΔPB = ΔPF + rRt

Fig. 3. Experimental unit for the measurment of pressure drop of
filter unit using an entrainment bed: DP Differential pres-
sure transmitter.

Table 1. Operation conditions of pulse-jet in the experimental unit
Filter element grouping mode One group Three group
Filter element

- Length [mm]
- Surface area per group [m2]

200
0.104

200
0.034

Particle concentration [g/m3] 366 366
Mean particle size [µm] 3.45 3.45
Element number in a group 3 Elements 1 Element
Operation Temperature Room temperature Room temperature
Operation pressure Atmospheric pressure Atmospheric pressure
Face velocity [m/s] 0.02 0.02
Pulse air pressure [bar] 5 5
Pulse cycle [min] 9 3
Pulse duration [s] 0.3 0.3
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of integrated coal gasification (ICG) carried out at the Institute for
Advanced Engineering (IAE) in Korea. Proper amount of fly ash
is filled in the bed initially and entrained in the applied air of a con-
stant flow rate to meet the required face velocity in the filter ele-
ment, supposing that it is all consumed for the filtration gas. The
particle concentration in the bed is measured with the mass change
of an absolute filter at the experimental operation condition and is
controlled in the value of 366 g/m3 by the adjustment of ash amount
and flow rate. The entrained particulates in the experimental con-
dition for the filtration face velocity 0.02 m/s are composed of
nearly spherical particles as shown in Fig. 4(a) observed with a
secondary electron microscope. The particle size distribution of
this sample, which is sampled in the bed during the normal oper-
ation run as shown in Fig. 4(b), is measured with an aerodynamic
particle size analyzer (A AEROSIZER LD). The geometric mean
diameter of this sample is 3.45μm.

RESULTS AND DISCUSSION

To determine the rising rate of the residual pressure drop (rR),
the change of the base line pressure drop (ΔPB) was measured for

over 45 days as shown in Fig. 5. The experimental results were ob-
tained under two different modes of one group (dark circles) and
three groups (open circles) with a pulse duration of 0.3 s at a pulse
pressure of 5 bar. ΔPB in Fig. 5 denotes the pressure difference be-
tween the dust room and the clean room measured at the mini-
mum pressure point right after the pulse air injection. It increases
steeply at the initial conditioning stage of the filtration time when
the fresh filter element is used from the initial start. The initial sharp
increase of residual pressure drop stems from the formation of
residual dust cake on the clean filter surface. This is called the con-
ditioning stage where the residual dust cake is formed while parts
of particles penetrate into the large pores of the filter element to
inhibit the gas flow through it. The main resistance of flow comes
from the dust cake which keeps the strong bonding force between
the particles and/or the surface of the filter element in this stage.
The value of ΔPB depends on several factors originating from the
particle properties and operational conditions. The inspection of
this variation is beyond the scope of this study; thus, the experi-
mental measurement was adopted to develop a simple model using
the simple Eq. for the rising rate of the residual pressure drop (rR).

The rising patterns of the base line pressure drop keep the in-
creasing stable after 20 days for two cases and construct an approxi-
mately linear increase versus time. The rising rates of the residual
pressure drop (rR) can be determined by the slope of this linear
line. The rising rates of the residual pressure drop (rR) is 4.25×10−3

Pa/min and is determined as the empirical value for usage in Eq.
(10) and Eq. (11). The value at the starting point where the ordi-
nate axis meets zero point of time in the linear line is chosen as
the hypothetical base line pressure drop (ΔPB)o at time zero of the
operation run. The values are 1,380 and 2,500 Pa for one group
and three groups, respectively. The results in Fig. 5 show that the
ΔPB of one group mode is lower than that of three groups mode,
which means that the cleaning strength is stronger in case of one
group mode. The reason for this result is all the temporary dust
cakes on the filter surfaces are removed together in the case of one
group, while the dust cakes on one of three elements are removed
in case of three groups.

To obtain the empirical value (rC), the total pressure drop (ΔPT)

Fig. 5. Base line pressure drops versus time during the long run of
the experimental filter unit.

Fig. 4. SEM image (a) and the particle size distribution (b) meas-
ured with API of the entrained fly ash from the experimen-
tal unit.
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of the filter unit versus time was measured at several conditions of
pulse cycles: 3 min (●) and 6 min (○) for the case of three groups,
as well as 4.5 min (△) and 9 min (▼) for one group mode at the
same condition for the measurement of rR mentioned above. Care-
ful inspection of the curves versus time shows a slightly concave
shape with the time increase. However, this also satisfies the linear
regression for a general linear curve versus time with the regres-
sion coefficient of more than 99%. Thus, the increasing rate of pres-
sure drop across the temporary dust cake (rC) is calculated with the
slope of the general linear curve (straight line) and is 148 Pa/min
for the empirical value of this study.
1. Pressure Drop of the Filter Unit at Mode of Time Based Clean-
ing (TBC)

To verify the semi-empirical model for the prediction of the
operation pressure drop of the filter unit, the calculated results are
compared with experimental ones in Fig. 7 and Fig. 8 for the cases
of one group and three groups, respectively. In one group mode, all
of the three filter elements are cleaned concurrently every 9 minutes
by the method of the consecutive pulse gas injection with a signifi-
cantly short pulse cycle of 1 s for each filter element of three, which
simulates the concurrent pulse cleaning of all the three filter ele-

ments overcoming the experimental restriction. The filter element
is cleaned one by one successively every 3 min in three groups.
The results in the figures show the total pressure drop versus time
for those two cases in the normal operation condition with the
pulse gas pressure of 5 bars and the pulse duration of 0.3 s. Total
pressure drops calculated with Eq. (10) (solid lines) meet the val-
ues measured in the experimental unit (dash lines) well for two
cases of one group (Fig. 7) and three groups (Fig. 8), respectively.
The experimental results shown in Fig. 7 and Fig. 8 are compared
in Fig. 9. The peak and the base line pressure drops are kept con-
stantly at the values of 1,470 and 2,840 Pa/s for one group and 1,760
and 2,250 pa/s for the case of three groups, respectively. These results
indicate that one group mode presents a lower base line pressure
and higher peak pressure than the case of three groups. This result
comes from the same reason mentioned for Fig. 5 that more amounts
of the temporary dust cakes on the filter surfaces are removed to-
gether in the case of one group, while a small amount of dust cakes
on one of three elements are removed in the case of three groups.

Fig. 10 shows the change of the peak and the base line pressure
drop according to the number of pulse groups which are calcu-
lated by Eq. (10) for the extension of pulse groups. The peak pres-

Fig. 8. Pressure drops calculated by equation 10 for three groups to
compare with the experimental values.

Fig. 7. Pressure drops calculated by Eq. (10) for one group to com-
pare with the experimental values.

Fig. 9. Influence of pulse grouping on pressure drop changes of the
filter unit.

Fig. 6. Total pressure drop versus time measured at various pulse
cycle conditions.
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sure drop (ΔPmax) decreases gradually and approaches a minimum
equilibrium value as the number of the cleaning group increases.
Otherwise, the base line (minimum) pressure drop (ΔPmin) increases
and approaches a maximum equilibrium value gradually as the
number of the cleaning group increases. Thus, the gaps between
the peak and the minimum pressure drop become narrow as the
number of filter grouping increases. This phenomenon of gap reduc-
tion is promising for the pulse cleaning of the filter element as it
reduces the pulse cleaning load. The high value of the peak pres-
sure drop requires a strong pulse force which requires a high pres-
sure of pulse gas or/and long pulse duration (or the short pulse cycle).
It is important to prepare the pulse conditions requiring weak clean-
ing force but providing effective cleaning of the filter element as
much as possible to reduce the bad effects along the pulse clean-
ing such as malfunctions in the gas flow of the filter unit. The injec-
tion of high pressure pulse gas will provide a strong cleaning effect
but also induce an intensive non-distribution on the gas flow in the
filter unit, resulting to an unnecessary increase in filtering resis-
tance, as well as high consumption of pulse gas.

Pressure drops of the base line and the peak value naturally in-
crease as the pulse cycle increases as shown in Fig. 11, which shows

those values in case of pulse cycles for 3 and 6 minutes, respectively.
The peak values of pressure drops are 2,280 and 3,950 Pa and the
base line pressure drops are 1,800 and 2,750 Pa for the pulse cycles
of 3 and 6 minutes, respectively. Naturally, the base line pressure
drop should change along with the operational conditions. How-
ever, the change patterns of the base line pressure drop according
to the number of pulse group are similar for all cases.
2. The Effect of the Pulse Cleaning Efficiency According to the
Filter Group Number

Cleaning efficiency (ε) of the filter element during pulse clean-
ing is defined as Eq. (12) by using the notations mentioned in Fig.
1. Perfect cleaning means the pressure drop (ΔP) should recover
the starting value of the point ΔPi which is the value at the start
time for a given cleaning cycle of time ti as shown in Fig. 1(b). The
cleaning efficiencies were almost 100% for all experiment cases in
this study. However, the differences in cleaning efficiency during
the short time operation are too small to judge for their effect on
the pulse cleaning. Otherwise, the difference of the change is dis-
tinguishable even during several cycles for the case of the pressure
based cleaning (PBC) method where the pulse cleaning is carried
out when the pre-set peak pressure drop is reached; that is, the
pulse condition providing the longer pulse cycle is more effective
than the case of a shorter one. A longer pulse cycle for the same
set pressure drop means a higher cleaning efficiency.

(12)

The cleaning efficiency according to the operation modes can
be evaluated by comparing the pulse cycles with each other. Figs.
12 and 13 show the rising patterns of total pressure drop for one
group and three groups, respectively, for the pre-set pressures of
1,960, 3,430, and 4,410 Pa. Pulse cycles for each case are summa-
rized in Table 2. Every three cycles (corresponding to one cycle for
one group) is considered as one cycle for three groups in the fig-
ures, because the starting point of three groups returns after each
three cycles of individual filter element. The pulse cycle of three
groups is longer than one group for all the cases, meaning the pulse
cleaning effect for the case of three groups is more effective than
that of one group.

ε = 
ΔP − ΔPi+1

ΔP − ΔPi
------------------------ 100×

Fig. 11. Influence of the pulse cycle on pressure drop of the filter
unit for three groups.

Fig. 12. Influence of the pre-set pressure on the pulse cycle variation
for one group.

Fig. 10. Pressure drop changes of the maximum and the base line
as the increase of the pulse group number.
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CONCLUSIONS

A semi-empirical model was developed to predict the pressure
drop of a ceramic filter unit and to see the effect of the grouping
number of filter elements. The model applies a statistical approach,
as well as the Darcian-type equation, but uses the simple experi-
mental equation for the pressure drops across the residual and the
temporary dust cakes which have the linear dependency versus fil-
tration time, respectively. It is also assumed that the pressure drop
is proportional to the fractional surface coverage (over that for the
full time service) of the dust load corresponding to the pulse cycle.
The model is verified with the experimental values for two cases
of simulation groups of filter elements (one and three groups using
three filter elements) in an entrainment-bed column.

The experimental observation of pressure drop rise meets well
with the model-calculation values. From the basis of this result a
general equation is obtained to predict the pressure drop rise ver-
sus the filtration time. The theoretical equation predicts the opera-
tion values of the pressure drop between the peak and the base line,
which suggests the practical guideline for grouping the filter ele-
ments in the preliminary design of the filter unit. The peak pres-
sure drop decreases and approaches a minimum equilibrium value
as the number of the cleaning group increases. Otherwise, the base
line pressure drop increases and approaches a maximum equilib-
rium value as the number of the cleaning group increases. The
gaps between the peak and the base line pressure drop become
smaller as the number of filter group increases. This phenomenon
of the gap reduction between the peak and base line pressure drop
is promising as it reduces the pulse cleaning load. The pulse clean-
ing becomes more effective as the number of the cleaning groups

increases from the observation of the pulse cycle variation in the
pressure-based operation mode.
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Fig. 13. Influence of the pre-set pressure on the pulse cycle variation
for three groups.

Table 2. The pulse cycles [min] of filter unit to clean the filter ele-
ment in the PBC operation modes

Pulse mode One group Three group
Pre-set pressure of 1,960 Pa 05.7 09.5
Pre-set pressure of 3,430 Pa 14.5 18.0
Pre-set pressure of 4,410 Pa 19.0 20.0
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