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Abstract—Ceramic filters have been widely used in industrial engineering, such as the Shell coal gasification process
(SCGP) and Integrated gasification combined cycle (IGCC), where the performance of the ceramic filter is achieved by
the pulse jet. Residual pressure drop and gas consumption are directly related to reverse-flow pulse (RFP) pressure.
However, in the process of operation, the RFP pressure is too large and gas consumption is too high. In this study, the
effects of RFP pressures on filter’s cleaning efficiency, residual pressure drop, and gas consumption were investigated on
a ceramic filter. Within a certain range, the cleaning efficiency gradually increased with increased RFP pressure. When
the RFP pressure reached a certain value, the cleaning efficiency did not increase with increased pressure, showing a
quadratic relationship between cleaning efficiency and RFP pressure. The residual pressure drop and RFP pressure
were also in a quadratic relationship. Besides, the gas consumption increased linearly as increased RFP pressure accord-
ing to the theoretical model. Based on the research results, a multi-objective optimization model of a ceramic filter was
established with the cleaning efficiency as a constraint condition, gas consumption and residual pressure drop as the
optimization objectives. A fuzzy decision-making method was used to solve the optimization model and calculate the
residual pressure drop and gas consumption, from which the optimal RFP pressure was obtained.
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INTRODUCTION

Ceramic filters have been widely used in integrated gasification
combined cydle, pressurized fluidized bed combustion, biomass
gasification and waste incineration [1-3]. It is the most effective way
to remove dust in high temperature environments [4]. The perfor-
mance of ceramic filter tubes is directly related to filtration system
stability; cleaning efficiency is directly related to the magnitude of
the reverse-flow pulse (RFP) pressure. When the RFP pressure is
too small, a portion of dust will be removed and dust bridging will
occur, which can cause serious filter tube fracturing. If the RFP
pressure is too high, a portion of dust, which is separated from the
filter tube, will rise again to the filter tube. As the pulse jet process
is about to end and the filtration process is not yet established, there
is a negative pressure zone inside the filter tube which can cause
some fine dust to be redeposit to the filter tube surface, thus reduc-
ing cleaning efficiency [5-7]. Lupion et al. studied the effects of RFP
pressure and pulse jet interval on cleaning efficiency in the range
of 230-550 °C and found that cleaning efficiency and the pulse jet
interval did not increase with increased RFP pressure [8,9]. Bakke
took cleaning energy into account, using filter rate versus grain
loading curve at a given pressure drop and filter rate versus pressure
drop at a given grain loading curve to optimize filtration parame-
ters [10]. Ju et al. took the economic factor into consideration, estab-
lished the multiple-objective model by using predictive control tech-
nique [11]; the simulation showed the model was suitable for the
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pulse jet filtration process. Ji et al. took the transient flow method
and established the gas consumption prediction model. The model
could predict gas consumption under different RFP pressures, found
gas consumption increased with the RFP pressure [12]. It was found
that RFP pressure was related to filtration velocity; the higher the
filtration velocity, the denser filter cake on the surface, and there-
fore the higher RFP pressure was needed. An excessive RFP pres-
sure could cause small particles to redeposit on the candle surface,
resulting in a thinner and denser layer, leading to higher residual
pressure drop [13]. Scholars have done extensive research on pulse-
jet systems, but no model has been established with optimization
of gas consumption and residual pressure drop, so the optimal RFP
pressure is not clear.

We performed experiments and calculated the efficiency and
residual pressure drop of a ceramic filter under different REP pres-
sures. A multi-objective optimization model of ceramic filter was
established to obtain the optimal RFP pressure by taking cleaning
efficiency as the constraint condition, gas consumption and resid-
ual pressure drop as the objective function.

EXPERIMENTAL

A schematic diagram of the experimental set-up is shown in Fig.
1 according to VDI 3926. Fifteen type DS 10-20 ceramic filter ele-
ments with an outer diameter of 60 mm, inner diameter of 40 mm,
and length of 1,500 mm (Pall Co.) were installed in the filter. The
elements were divided into five groups and each group shared one
ejector.

Dusty gas entered the filter and reached filter element surfaces
through a riser and gas distributor. The dust was trapped on the sur-
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Fig. 1. Schematic diagram of the experimental set-up.

face of the filter element and formed a dust layer; the ceramic filter
element was cleaned by the pulse jet as filtration continued. The
pulse valve was controlled by a programmable logic controller (PLC)
and quickly opened for pulse jet cleaning. Cleaning gas was ejected
and entered the filter element, removing the dust layer and regen-
erating the performance of the ceramic filter element. The filter facil-
itated gas flow via a centrifugal fan, gas flow was controlled by an
electric butterfly valve via the proportion-integral-derivative (PID)
method.

As the pulse jet process was completed in a very short time (milli-
seconds), the process of ejecting high-speed and high-pressure gas
from the pulse air tank was considered to be an adiabatic process.
The equation for calculating gas consumption is as follows:

1
A RAY
G_RTI{I (p)}

where G is the gas consumption for each pulse jet, g p, and p, are
the absolute pressure of the pulse air tank before and after pulse jet,
respectively, Pa; T is the gas temperature before pulse jet, K; V is
the pulse air tank volume, m®; y is the adiabatic exponent, 1.4; R is
the gas characteristic constant, 287 m’-s K ".

The cleaning efficiency is defined as the difference between the
maximum pressure drop and the residual pressure drop, just after
the pulse is given, in relation to the difference between maximum
pressure drop and initial pressure drop [14]. The equation is as fol-
lows:

@

_Apu_Apa
"= Apa—Bpo

where 7 is the filter cleaning efficiency; Ap, and Ap, are the pres-

@
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Table 1. Experimental parameters

Parameter Value

Inlet concentration 5g/m’

Type of dust Fly ash

Reverse-flow pulse pressure 0.15, 0.30, 0.45, 0.60, and 0.75 MPa
Filtration velocity 1 m/min

Pulse width 350 ms

Pulse jet interval 30 min

sure drops of the ceramic filter tubes before and after pulse jet; Ap,
is the initial pressure drop of the ceramic filter tubes.

Research showed that changing the pulse width had no effect on
cleaning efficiency but it increased gas consumption [12]. There-
fore, the 350 ms pulse width was selected during the experiment
as used in industrial applications.

The experimental parameters and dust in the experiment are
shown in Table 1. The volume median diameter of dust was 4.123
pm.

RESULTS AND DISCUSSION

Under pure air-flow condition, the initial pressure drop of the
clean filter tube was obtained by changing the filtration velocity, as
shown in Fig. 2.

The relationship between the initial filter tube pressure drop and

filtration velocity was as follows after data fitting.
Apy=0.794v-0.381 ©)]

where Ap, is the initial filter tube pressure drop and v is the filtra-
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Fig. 2. Initial pressure drop of the ceramic filter tube.
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Fig. 3. Gas consumption under different RFP pressures.

tion velocity. It was known that the initial filter tube pressure drop
was 0413 kPa from Eq. (3) when the filtration velocity was 1 m/
min.

By measuring the temperature and pressure of the pulse air tank
before and after the pulse jet under different RFP pressures, gas
consumption was calculated using Eq. (2). Gas consumption was
obtained from the average of five experiments, as shown in Fig. 3.

When the experimental nozzle, pipe size, pressure tank volume,
and pulse width were constant, gas consumption was linearly related
to the RFP pressure. The calculation results were consistent with the
results of gas consumption model established by Ji [12]. The rela-
tionship between the gas consumption and RFP pressure was:

G=80.72p,+6.11 @

where G is the gas consumption and p, is the RFP pressure.
1. Effects of RFP Pressure

The filter pressure drop was composed of a base pressure drop
in the filter tube, residual dust layer drop, and temporary dust layer
drop; the residual pressure drop is the sum of base pressure drop
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Fig. 4. Influence of 0.15 MPa RFP pressure on pressure drop evolu-
tion.

25

Pressure drop

20 -

Pressure drop/kPa

1.0

05

PR IR RN ERPU RPN NP RPR RSP B R
60 120 180 240 300 360 420 480 540 600

o

Time/min

Fig. 5. Influence of 0.30 MPa RFP pressure on pressure drop evolu-
tion.

and residual dust layer pressure drop [15]. One cycle in the experi-
ment referred to the interval between two groups of filter tubes for
cleaning. As only one group of filter tubes could be cleaned at a
time, the sum of the pressure drops after cleaning one group and
the other four groups of normal filtration was called the residual
pressure drop in this paper. The cleaning efficiency was calculated
from the sixth cycle.

The filter tube pressure drop at an RFP pressure of 0.15 MPa
for a total of 20 cycles showed that the residual filter tube pressure
drop was unstable, as can be seen from Fig. 4. After 20 cydles, the
residual pressure drop still exhibited a rising trend, indicating that
it could not meet the cleaning requirements when the REP pres-
sure was 0.15 MPa.

Fig. 5 is the filter tube pressure drop at the RFP pressure of 0.30
MPa for a total of 20 cycles; it shows that the residual filter tube
pressure drop was stable and did not increase as the filtration time
progressed. It could meet the cleaning requirement at RFP pressure
of 0.3 MPa, but the residual pressure drop was high.

Korean J. Chem. Eng.(Vol. 37, No. 5)
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Table 2. Influence of 0.3 MPa RFP pressure on cleaning efficiency

Cycling Residual pressure Cleaning Cycling Residual pressure Cleaning
time drop (kPa) efficiency (%) time drop (kPa) efficiency (%)

6 1.786 239 14 1.829 233
7 1.806 23.1 15 1.822 22.9
8 1.795 24.1 16 1.829 232
9 1.811 235 17 1.829 234

10 1.814 23.6 18 1.836 232

11 1.822 22.8 19 1.831 23.3

12 1.824 224 20 1.833 23.1

13 1.840 22.9

The cleaning efficiency of each cycle at the RFP pressure of 0.3
MPa was calculated using Eq. (2) and shown in Table 2. The residual
pressure drop after each cydle at 0.30 MPa RFP pressure was obtained
in Fig. 5. The average cleaning efficiency calculated at an RFP pres-
sure of 0.30 MPa was 23.3%.

Fig. 6 is the filter tube pressure drop at the RFP pressure of 0.45
MPa for a total of 20 cycling times; it shows that the residual filter
tube pressure drop was stable and did not increase as the filtration
time progressed. It could meet the cleaning requirement at RFP
pressure of 0.45 MPa, and the residual pressure drop was lower than
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Fig. 6. Influence of 0.45 MPa RFP pressure on pressure drop evolu-

the residual pressure drop when the RFP pressure was 0.30 MPa.

According to Eq. (2), the cleaning efficiency of each cycle at an
REP pressure of 0.45 MPa was calculated (Table 3). The residual pres-
sure drop after each cycle at 0.45 MPa RFP pressure was obtained.
The average cleaning efficiency calculated at an RFP pressure of
0.45 MPa was 35.6%.

Fig. 7 is the filter tube pressure drop at an RFP pressure of 0.60
MPa for a total of 20 cycling times. It shows that the residual pres-
sure drop was stable and did not increase as the filtration time pro-
gressed. This shows that, at the REP pressure of 0.60 MPa, it could
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Fig. 7. Influence of 0.60 MPa RFP pressure on pressure drop evolu-

tion. tion.
Table 3. Influence of 0.45 MPa RFP pressure on cleaning efficiency
Cycling Residual pressure Cleaning Cycling Residual pressure Cleaning
time drop (kPa) efficiency (%) time drop (kPa) efficiency (%)
6 1.288 37.3 14 1.341 342
7 1.289 36.9 15 1.332 35.6
8 1.298 36.8 16 1.333 353
9 1.327 35.1 17 1.332 34.1
10 1.324 35.1 18 1.339 354
11 1.316 36.1 19 1.332 35.6
12 1.313 36.0 20 1.335 354
13 1.324 352
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Table 4. Influence of 0.60 MPa RFP pressure on cleaning efficiency

Cycling Residual pressure Cleaning Cycling Residual pressure Cleaning
time drop (kPa) efficiency (%) time drop (kPa) efficiency (%)

6 1.239 374 14 1.262 36.4
7 1.220 39.1 15 1.260 36.9
8 1.222 38.3 16 1.255 37.5
9 1.252 37.1 17 1.256 37.3

10 1.233 38.7 18 1.263 37.3

11 1.247 37.2 19 1.255 37.6

12 1234 38.1 20 1.259 373

13 1.249 37.1

meet the cleaning requirement at RFP pressure of 0.60 MPa, and
the residual pressure drop was lower than the residual pressure drop
when the RFP pressure was 0.45 MPa.

The cleaning efficiency of each cycle at an RFP pressure of 0.60
MPa was calculated using Eq. (2) and shown in Table 4. The resid-
ual pressure drop after each cycle at 0.60 MPa RFP pressure was
obtained. The average cleaning efficiency at an RFP pressure of 0.60
MPa was 37.5%.

Fig. 8 is the filter tube pressure drop at an RFP pressure of 0.75
MPa for a total of 20 cycling times; it shows that the residual pres-
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Fig. 8. Influence of 0.75 MPa RFP pressure on pressure drop evolu-
tion.

Table 5. Influence of 0.75 MPa RFP pressure on cleaning efficiency

sure drop was stable and met the cleaning requirement. However,
the residual pressure drop was higher than the residual pressure
drop when the REP pressure was 0.60 MPa. Correlation analysis
suggested that the entire space of the filter was small, the diameter
was only 650 mm, and the pulse jet under the high REP pressure
would cause the dust that had fallen off to be lifted up again. In
addition, in the transition process when the pulse jet process came
to its end and the filtration process had not been established, the
pressure inside the filter tube was lower than the pressure outside
the filter tube; the difference related to the REP pressure, the higher
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Fig. 9. Average residual pressure drop under different RFP pressures.

Cycling Residual pressure Cleaning Cycling Residual pressure Cleaning

time drop (kPa) efficiency (%) time drop (kPa) efficiency (%)
6 1.434 32.7 14 1.457 31.8
7 1.429 33.1 15 1.443 33.0
8 1.425 334 16 1.439 33.0
9 1.432 333 17 1.451 326
10 1.442 324 18 1.458 326
11 1.428 33.7 19 1.450 329
12 1.448 329 20 1.454 324
13 1.444 32.3

Korean J. Chem. Eng.(Vol. 37, No. 5)
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Fig. 10. Cleaning efficiency under different RFP pressures.

the RFP pressure was, the higher negative pressure in the filter tube
[16], leading to some of the fine particles being blown off and then
redeposited to the filter tube surface, causing cleaning efficiency to
be decreased.

The cleaning efficiency of each cycle at the RFP pressure of 0.75
MPa was calculated using Eq. (2) and shown in Table 5. The aver-
age cleaning efficiency at an RFP pressure of 0.75 MPa was 32.8%.

After averaging the residual pressure drop values under differ-
ent RFP pressures, the relationship between the average residual
pressure drop and RFP pressure is shown in Fig. 9.

The relationship between the average residual pressure drop and
REP pressure was obtained in Eq. (5) by data fitting.

Ap,.=7.7pi—8.89p,+3.79 (5)

where Ap,, is the average residual pressure drop.

The relationship between cleaning efficiency and RFP pressures
was fitted and shown in Fig. 10. The result is consistent with the
results of the Lupions study [9]; the result indicated that there was
a quadratic relationship between RFP pressure and cleaning effi-
ciency, whether at high temperature or normal temperature.

n=-1711p;+192.2p,~16.03 ©6)

2. Optimization Model

In the actual process, it is desirable to minimize the residual
pressure drop and gas consumption, but these goals could not be
achieved at the same time. Based on the experimental results, an
optimization model was established and shown in Eq. (7).

Ap,,=7.7p:—8.89p,+3.79

G=80.72p,+6.11

n=-171.1p} +192.2p,~16.03

minAp,, @

minG

st. 7225%
0<p,<1 MPa

where the constraint conditions were 0<p;<1 MPa and 7>25%.

May, 2020

The objective functions were min Ap,, and min G.

As the meaning and unit of the objective function were different,
the residual pressure drop and gas consumption were blurred after
using the fuzzy decision method. Objective function satisfaction
was taken as the new target value. Satisfaction of the objective func-
tion was achieved by calculating and then determining the maxi-
mum value for the minimum satisfaction of the objective function
[17]. Under the constraint condition, each objective function was
assigned an ideal value, an inverse ideal value was obtained to con-
struct objective function satisfaction. The purpose of using the ob-
jective function satisfaction was to reflect the satisfaction degree to
the target level, thus realizing the fuzzification of the objective func-
tion based on the fuzzy compromise algorithm. The variation inter-
val of the fuzzy compromise index A* was determined by changing
the value of 4*, such that different optimization results were obtained
[18].

The detailed implementation process was:

(1) The satisfaction of the objective function was established to
realize unity of the multi-objective function values, the essence being
each objective function was close to the optimal value. Therefore,
the maximum Z™ and minimum Z™ values of each objective
function under constraint conditions were obtained and objective
function satisfaction was constructed using two extreme ideal val-
ues as shown in Egs. (8) and (9):

7, =maxZ,(x)

s.t.g(x)<0 ®)
h(x)=0
z;"i" =minZ,(x)

s.t.g(x)<0 ©)
h(x)=0

where x is the model variable, Z(x) is the objective function, g(x)
and h(x) are the constraint conditions.

Then, two extreme ideal values were used to build the objective
function satisfaction. Setting the i th objective function satisfaction
as 4, for the forward objective function, yields Eq. (10)

_zZ-z"
Zmax_ Z;.'m'n

1 1

i (10)
(2) Multi-objective linear optimization maximum (minimum)
operator method. The goal was to maximize the minimum satis-
faction in each objective function, letting the two objective func-
tions have a minimum satisfaction of A. This algorithm guaranteed
the fairness of the optimal solution; that is, the maximum satisfac-
tion of all objective functions would not be too large and the min-
imum satisfaction would not be too small. As shown in Eq. (11):

maxA

s.t.A<u; Vi

g(x)<0 an
h(x)=0

A1€(0,1)
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where x is the model variable, 4 is the objective function. g(x) and
h(x) are constraint conditions.

For the model established above, the multi-objective optimiza-
tion method was used to solve the problem by MATLAB program-
ming. The results obtained are shown in Fig. 11 and Fig. 12.

As can be seen from Fig. 11 and Fig. 12, there was a tendency
for the two objective function values: the final optimization result
produced a compromise result. At this time, the residual pressure
drop Ap,, was 1.541 kPa and gas consumption G was 36.3 g. The
corresponding RFP pressure was 0.374 MPa and the cleaning effi-
ciency was 31.9%.

The equation for calculating the standard deviation of the resid-
ual pressure drop is as follows.

1Y 2
0= ﬁ;(xi_lh) (12)

where o; is the standard deviation of residual pressure drop, x;
is the residual pressure drop, N is the number of residual pressure
drop, 500, z4 is the arithmetic mean value.

The standard deviation of residual pressure drop oj is 0.049. Using
the same method, the standard deviation of gas consumption o is
1.214.

CONCLUSION

Long-term experiments were performed using fly ash under nor-
mal temperature conditions to investigate the effects of different RFP
pressures on the residual pressure drop, cleaning efficiency and gas
consumption. When the structural dimensions of the nozzle, pipe-
line size, and pulse-air tank were constant, gas consumption in-
creased linearly with increased REP pressure. Within a certain range,
cleaning efficiency and residual pressure drop increased and de-
creased with increased RFP pressure, respectively. When the RFP
pressure reached a certain value, cleaning efficiency no longer in-
creased and the residual pressure drop no longer reduced. It was
found through linear fitting that there was a quadratic relationship
between cleaning efficiency and RFP pressure, with the residual
pressure drop as well. A multi-objective optimization model of the
ceramic filter was established and solved by fuzzy decision-mak-
ing method to obtain the optimal REP pressure by taking the clean-
ing efficiency as the constraint condition, gas consumption and
residual pressure drop as the objective function.
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NOMENCLATURE

G :gas consumption [g]

p.  :absolute pressure of the pulse air tank before pulse jet [MPa]
p»,  :absolute pressure of the pulse air tank after pulse jet [MPa]
T,  :gas temperature before pulse jet [K]

V' :volume of the pulse-air tank [m’]

R :gas characteristic constant [287 m’.s K ']

Ap,  :pressure drop of the ceramic filter tubes before pulse jet [kPa]
Ap, :pressure drop of the ceramic filter tubes after pulse jet [kPa]
Ap, :initial pressure drop of the ceramic filter tubes [kPa]

v : filtration velocity [m/min]

Ap,, :average residual pressure drop [kPa]

p. :reverse-flow pulse pressure [MPa]

Greek Letters

y  :adiabatic exponent [1.4]

1 :cleaning efficiency [%]

A*  :tuzzy compromise index

A :minimum satisfaction

o,  :standard deviation of the residual pressure drop
0, :standard deviation of the gas consumption

4y :arithmetic mean value of residual pressure drop
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