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Abstract-In order to develop a reliable system of a ceramic filter for particulate collection at high temperatures 
like Pressurized Fluidized Bed Combustion (PFBC), an experimental study was carried out to observe the charac- 
teristics of the ceramic filter utilizing a simple block weigh-down. One block weigh-down fixes four commercial 
filter elements coincidentally by pressing down the individual venturi diffuser. Its operational performance was in- 
vestigated in the temperature range of 600-800 ~ in a bench scale unit using oil combustion gas into which fly 
ash was fed. The transient aspects of the temperature and pressure in the pulse cleaning system were also observ- 
ed during the pulse cleaning. 
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INTRODUCTION 

The ceramic candle filter is one of the most advanced tech- 
nologies for the removal of particulates in PFBC and IGCC 
(Integrated Gasification Combined Cycle) [Lee et al., 1999] 
owing to its excellent removal efficiency and moderate opera- 
tional cost. Unfortunately, the major problem in utilizing the 
ceramic filter is the uncertainty about the reliability of the sys- 
tem which has a high susceptibility for breakage of the filter 
element from several causes [Park et al., 1991 ]. Stresses caused 
by clamping, mechanical vibrations, and thermal cycle are the 
main sources which destroy both the filter element and the 
sealing materials. In order to reduce mechanical stress the filter 
element should be fixed tightly enough to overcome the cyclic 
forces developed during the filtration and the pulse cleaning. 
However, it is not easy to mount ceramic filter elements on the 
metallic tube sheet because they have different thermal expan- 
sibilities. In general, the tube sheet has an adequate hole in 
which the filter candle is mounted. The hole should have extra 
room to compensate for the expansion of metal parts at high 
temperatures. A ceramic gasket is placed between the metal 
and ceramic surface, which acts as a cushion and/or a sealing 
in this case. The compressible ceramic gasket may protect the 
candle element from damage enforced by uneven stresses due 
to the non-unifonnities on the surface of the filter element [Mark 
and Stephen, 1995]. Extra force is needed to compress the gasket 
from the top of the filter element for sealing. Counter weight- 
down has been widely used with high temperature applica- 
tions like PFBC [Grimethorpe PFBC Establishment, 1992]. 
Application of the spring is one of the methods to seal the leak 
parts while reducing the weight load from the weight-down 
itself. However, the metallic spring is susceptible to a reduction 
of its modulus at high temperature and under the corrosion gas. 
The utilization of the ceramic spiral spring was offered by the 
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U.S. DOE [Ciliberti et al., 1988] in order to strengthen the 
spring. Another method involved welding the light hold-down 
disk on the tube sheet "after specially setting up the filter ele- 
ment using a ceramic gasket [Ciliberti et al., 1988]. However, 
all of these methods are far from realization in the commercial 
unit yet. In this study, we applied mounting skill using a simple 
block weigh-down and investigated some operational charac- 
teristics. The block weigh-down is a steel plate which has 
holes to press down the diffuser. A block weight holds three 
or four filter elements and fixes the candle elements with its 
weight, which presses down the venturi diffuser. It provides 
stable pressure balances between filter elements and increases 
the reliability and durability of ceramic filters at high tempera- 
ture owing to its simple features. 

EXPERIMENTAL 

A schematic diagram of the experimental unit is shown in Fig. 1. 
The hot dusty gas slream was prepared with the oil burned- 
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Fig. I. Schematic diagram of hot test unit for PFBC. 
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Fig. 2. The schematic diagram of the filter candle assembled. 

exhaust gas in which the fly ash from a conventional coal power 
plant was fed with a screw feeder. The inlet gas enters the filter 
chamber from the bottom position. The temperature in the filter 
unit was controlled with the change of the oil feeding rate. The 
range of operating temperature was between 600 and 800 ~ 
Total filtration area is 1.04 m 2 using four candle elements of 1.5 
m length. The inner diameter and height of filter chamber are 
280 and 2,800 mm, respectively. Fig. 2 shows the assembled 
figure of filter candles on the tube sheet. The tube sheet has four 
holes which allow the insertion of filter elements. Four filter 
elements were fixed by the weight of one block weight-down. 
Each filter element was cleaned by each nozzle. The size of the 
cylindrical pulse air tank of inner diameter and length is 223 
and 550 mm, respectively. A half-inch solenoid valve (direct lift 
diaphragm) was used as the pulse valve, of which the coeffi- 
cient was 4.5//bar. sec. 

The total pressure drop between the tube sheet was meas- 
ured with a differential pressure transmitter. Temperatures and 
pressures were measured at several points in order to investi- 
gate the transient phenomena. The dust concentration was meas- 
ured with a gasket impactor or an aerodynamic particle size an- 
alyzer. The commercial filter candle based on ceramically bond- 
ed silicon carbide was supplied by Schumacher Co. and has a 
dimension of 1.5 m length and 6 cm outer diameter. Its phy- 
sical properties were reported well in another paper [Durst 
et al., 1996]. 

RESULTS AND DISCUSSIONS 

1. Performance 
The operating conditions and the performance of the filter 

system are summarized in Table 1. The typical filtration effi- 
ciency of the test unit was more than 99.9% during the contin- 
uous duration of 60 hours at 750 ~ Most of larger particles 
over 3 ~m were removed. And the maximum particle size leaked 
through the filter was less than 5 ~tm. This result shows that the 
ceramic filter system designed using the block weigh-down 
meets the requirements of the specifications for PFBC. The 
largest slip size of particle and the total concentration of 
particles in the effluent gas stream should be less than 5 ~tm 
and 10 ppm, respectively, for advanced power systems [Choi et 
al., 1995]. Pressure drop through the hollow cylinder is well 
expressed by Darcy's law like Eq. (1), where 1] is dynamic 
viscosity and V is face velocity. 

AP = rlV 
T (1) 

Permeability k indicates the capacity of the gas treatment per 
unit pressure drop. It decreases as the dust cake gets thicker 
with the operation time. Thus, the relative permeability K, 
which indicates the relative value from that of  the initial time 
(denoted by subscript zero in the equation) like Eq. (2), is very 
convenient for predicting the permeability change [Durst et 
al., 1996]. 

k V.q/AP 
K - k .  V,r q,/APo (2) 

Fig. 3 shows a typical pattern of the variation of  the relative 
permeability during the very short duration as a function of 
cycle duration. K decreases rapidly during the initial time and 
reaches a stable point ultimately in the suitable operation con- 
ditions. 

The trend of the baseline pressure drop (APB) is one of the 
factors which represent the performance of the filtration. In 
general, the design value of the tolerance limit of APB, depend- 
ing on the system and operating conditions, is about 2,000 
mmH20 [Grimethorpe PFBC Establishment, 1992]. Fig. 4 shows 
the trend of the increase of the base line pressure drop accord- 

Table 1. Operation conditions and performance of a hot bench 
ceramic filter unit 

Operating conditions Performances 

Operating 600-800 ~ Face velocity 1-5 cm/sec 
temperature 

Nozzle tube 1/2 inch Slip particle less than 5 lam 
size (max.) 

Particulate loading 20-40 g/m 3 Total filtration more than 
efficiency 99.9% 

Pulse pressure 5-9 bar Duration 60 hr 
(continuous) 

Pulse duration 0.1-0.6 sec Duration 1,500 hr 
(accumulated) 
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Fig. 3. The decrease of relative permeability with the pulse 
cycle duration; 0 ( ~ ,  I (10 ) ,  �9 (15)and �9 ( ~  mha). 
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Fig. 4. The trend of pressure drop depending on the face veloc- 
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Fig. 5. The effect of face velocity on the residual pressure drop 

rate [Face velocity: 1.5 ( � 9  2.7 (C~) and 4.0 cm/sec (V)  
and pulse mass ( I ) ] .  

ing to the face velocity. And its operations are summarized in 
Table 2. APF in the table represents the pressure drop through 
the clean filter element. The baseline pressure drop increased 
steeply when the face velocity was higher than 4 cm/sec and 
was not recovered with the pulse cleaning at a pulse pressure 
of 4 bar. It is evident that the pressure drop increases as both the 
face velocity and the temperature increase according to Darcy's 
law because the gas viscosity increases with the temperature. 
However, a face velocity of 4 cm/sec is not so high in the 
general operation condition for PFBC. The reason why the 
operation showed a malfunction in this test is due to the inlet 
position which ties at the bottom of the filter unit. It seems that 
most of the particulate falling down during the pulse cleaning is 
entrained by the force of the entering gas, of which the flow 
direction is from bottom to top. So the filter system having the 

inlet position at the bottom was not desirable for operation at 
high face velocity. Fig. 5 shows the effect of the face veloc- 
ity on the residual pressure drop rate which is defined by Eq. 
(3). 

dAPR (3) 
r,. = dt 

Where APR is the residual pressure drop and t is time. The 
pulse mass, calculated from the pressure difference of the 
pulse tank during the pulse cleaning, increased linearly with 
that of the pulse pressure. The value of rr reached zero when a 
high value of pulse pressure was applied even in the case of 
face velocity of 4 cm/sec. However, applying the strong pulse 
gas should cause a mechanical stress and need the unneces- 
sary pulse energy. 

Among the several operation variables, pulse pressure and 
pulse duration are the main factors. Fig. 6 shows the effect of 
pulse pressure and pulse duration on the residual pressure 
drop rate. It shows the value of r, reaches zero at the higher 
value of pulse pressure depending on the pulse duration. The 
higher the pulse pressure and the lower the pulse duration, the 
less the pulse mass is consumed in order to achieve the zero 
value of rr. This result suggests that it is profitable to apply as 
high a pressure of the pulse gas as possible. However, the 
high value of the pulse gas may be one of the reasons for the 
mechanical stress in the filter mounting system and a non- 
equilibrium pressure drop in the filter cavity during the pulse 
cleaning. 
2. Temperature Distribution 

In order to observe the temperature distribution during the 
pulse cleaning, we measured the transient temperatures in the 
pulse cleaning system and the filter cavity. A bared-thermocou- 
ple of type K (CA) was used. Their dimension and the loca- 

Table 2. The operation conditions and the effect of face velocity on the pressure drop through the filter element 

Mark Operation temp. Face velocity Pulse P Pulse duration Pulse cycle AP~ 
(~ (cm/sec) (Bar) (Sec) (min) (mmH20) 

A 250 1.9 4 0.4 5 115 
B 435 3.0 4 0.4 5 160 
C 545 4.0 4 0.4 5 240 
D 640 5.0 5 0.4 5 260 
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Table 3. The description of temperature measurement 

Notation Location Measuring Thermocouple Response 
range (~ fitting, Length time (ms) 

TNZ Nozzle tip 200-900 1/16 inch, 20 
700 mm 

TCT Cavity top 200-900 1/16 inch, 20 
1,500 mm 

TCM Cavity middle 200-900 1/16 inch, 20 
2,000 mm 

TCB Cavity bottom 200-900 1/16 inch, 20 
2,500 mm 

~':~'= '.= ~ . . , ~ = ~  TCB ~~ 

0 ~ ,TCT ._ : -.- 
soo. r ' / - - ' " "  a 

:;:; : it \Pulse ;i 

T ime (sec) 

Fig. 7. The temperature traces during the pulse cleaning. 

tions of measuring points are shown in Table 3. Steady state 
temperatures at the cavity middle (TCM), cavity top (TCT), 
clean chamber (TTC), and tube sheet surface ('ITS) were 
775, 640, 570 and 510, respectively, when the temperature in 
the filter chamber (TFM) was 800 ~ The enormous tempera- 
ture drop of about 230 ~ between the filter chamber and the 
clean chamber comes from the heat loss through the wall of 
the clean chamber where the thermal insulation is insufficient. 

Fig. 7 shows the typical temperature traces at the positions 
along the filter cavity and in the nozzle tip when TFM is 
800 ~ The face velocity, the pulse pressure and the pulse dura- 
tion were 5.2 cm/sec, 5 bar, and 0.4 sec, respectively. The high- 
est temperature drop was developed in the cavity top and was 
about 200 ~ depending on the pulse pressure shown at Fig. 8. 

5 0 0  

4 0 0  

= 3 0 0  

2 0 0  < 

~ 1 0 0  

Z 

0 
1 2 3 4 5 6 7 8 

Pulse pressure (bar) 
Fig. 8. The temperature drop during the pulse cleaning (Face 

velocity: 5.2 cm/sec, Pulse duration: 0.4 sec). 

Table 4. The description of pressure measurement 

Response 
Notation Location P range Signal output time (ms) 

PPT Pulse tank 0-10 bar 4-20 mA 10 
PNZ Nozzle tip 0-10 bar 4-20 mA 10 
PCM Cavity middle 0-30 psig 4-20 mA 10 
PFM Filter chamber 0-30 psig 4-20 mA 10 

! 

f~ 4, \ 
PPI 

m ......... Pt,lZ i. 

T ime (see) 

Fig. 9. The pressure traces in the pulse system during the 
pulse c ~ a g .  

Even though the temperature drop in the fdter cavity does not 
represent directly the just temperature drop in the filter ele- 
ment, it is a fact that the periodical thermal cycle will be one of 
the serious reasons for the thermal stress on the filter element. 
Temperature drop in the bottom and middle positions of the 
filter cavity was relatively ignored. This result predicts that 
most of the cold pulse gas is expanded and heated in the 
top area of the filter cavity; and this area is just the site that 
is very susceptible to thermal cracking. Temperature drop 
in the nozzle was more than 400 ~ as shown at Fig. 7. So 
it is predicted that there will be high thermal fatigue in the 
pulse nozzle. 
3. Pressure Distribution 

The transient pressure change during the pulse cleaning in 
the pulse system and the filter cavity was measured at the po- 
sitions shown in Table 4. 

Fig. 9 shows the typical patterns of pressure traces in the 
pulse tank and the pulse nozzle during the pulse cleaning when 
the pulse pressure and the pulse duration are 5 bar and 0.4 sec, 
respectively. The pressure in the pulse tank was recovered 
within one second. Pressure dropped from 5 bar to 4.3 bar, 
which showed about 10% reduction of pressure in the pulse 
gas tank. About 1.0 bar of the overpressure was developed in 
the pulse nozzle. However, the intensity of the overpressure is 
fully dependent on the size of the pulse system and the opera- 
tion conditions. 

Fig. 10 shows the typical pressure traces at both the filter 
cavity and the filter chamber during the pulse cleaning. The po- 
sitive differential pressure, overpressure, denotes the effective- 
ness of the pulse cleaning which supplies the main momentum 
for the dust removal from the filter surface. The plateau denot- 
ing the overpressure in the filter cavity increased slightly at the 
end of the pulse duration. This is because the post cleaned-gas 
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Fig. 10. The  pressure traces in the filter cavity during the pulse 
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Fig. 1]. The dependence of  the pulse pressure on the overpres- 
sure in ~ filter cavity during the pulse cleaning. 

entering after the pulse cleaning stimulates the formation of the 
positive pressure effect. The overpressure developed in the fil- 
ter cavity was about 0.248 bar when the pulse pressure was 
5 bar. This effect of pressure is sufficient for removing the dust 
cake in normal operation conditions as shown at Fig. 5 and Fig. 
6. The background pressure in the filter chamber was appar- 
ently increased from the expansion of the pulse gas, which 
means the space of the filter chamber is relatively small with 
respect to the pulse gas. In this experimental system, 25% of 
filter element was cleaned by every pulse cleaning. The effect 
of the pulse gas will be ignored in a commercial plant where 
about 5% of filter elements are cleaned per pulse cleaning. 

Fig. 11 shows the maximum overpressure in the candle cav- 
ity increases linearly with the pulse pressure at low pressures 
below about 4.5 bar. But its increasing rate decreases slightly at 
high pressure. The increasing tendency of the overpressure in 
the filter chamber shows a similar pattern with this as shown in 
Fig. 12. So the slight decrease of the overpressure at high pres- 
sure comes from the reduction of pulse gas entering the filter 
cavity even though the overpressure in the pulse nozzle in- 
creases linearly with the pulse pressure as shown in Fig. 13. 
The reason is that the velocity through the pulse nozzle does 
not increase after it reaches the super sonic velocity. However, 
the slight increase comes from the increase of the gas density at 
slightly high pressure at high pulse pressure. The experimental 
result supporting this discussion was shown in another paper 
[Choi et al., 1998]. The effect of the pulse duration on the 
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Fig. 12. The effect of the pulse pressure on the overpressure in 
the filter chamber. 

1.5 
Duration : 0.2sec 

O. , .  Duration : 0.3sec 
- Duration : 0.4sec 

- Duration : 0.5sac 
- I !  - Duration : 0.6sac 

A 
I , .  

1.o 

W 
W 

~ 0.5 
0 

0.0 

Pulse pressure (bar) 
Fig. 13. The effect of the pulse pressure on the overpressure in 

the pulse nozzle. 

maximum overpressure both in the filter cavity and in the pulse 
nozzle was ignored as shown in Fig. 11 and Fig. 13, respectively. 

CONCLUSIONS 

The performance of the ceramic filter unit utilizing a block 
weigh-down was investigated in the range of 600-800 ~ using 
oil burned-exhaust gas. The normal filtration efficiency was 
more than 99.9%. The largest particle size which slipped from 
the filter was less than 5/.tin. The pressure drop showed a nor- 
mal trend of a general ceramic filter during continuous opera- 
tion of 60 hours. These results show that the mounting skill of 
the filter element using a block weigh-down meets well with 
the specifications for PFBC. 

The development of overpressure in the filter cavity was less 
than 0.21 bar at the normal operation conditions. The highest 
temperature drop developed in the top cavity of the filter ele- 
ment. Temperature drop in the pulse nozzle was more than 400 0(2 
at normal operation conditions. So it was predicted that the 
high thermal stresses were concentrated both in the pulse noz- 
zle and in the top area of the filter cavity. 
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