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Abstract−The compression properties of IGCC (integrated coal gasification combined cycle) fly ash cake on a ceramic
filter were carefully investigated under well-controlled conditions. Overall cake porosity and pressure drop of dust cake
of three different particles of geometric mean diameters of 3.7, 6.2, and 12.1µm, and dynamic shape factors of 1.37,
1.57 and 1.65, respectively, were investigated, at face velocities of 0.02-0.06 m/s. Overall cake porosity was strongly
dependent on face velocity, mass load, and particle size. The expressions for overall cake porosity, considering the com-
pression effect, and pressure drop across the dust cake were developed with good agreement with experimental results.
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INTRODUCTION

Although the pressure drop is a primary factor for design and
operation of a filtering system, it has been difficult to predict exactly
the pressure drop. One of the main reasons for this is due to the com-
plicated compression properties of dust cake depending on system,
dust source, and operation condition. Several investigators [Aguar
and Coury, 1996; Choi et al., 2002; Endo et al., 1998; Schmidt, 1995]
reported that the dust cakes were compressed during the filtration.
Aguir and Coury [1996] measured directly the local porosity of lime-
stone cake on a fiber filter by image analysis of the cake cross sec-
tions and showed that local cake porosity decreased in the direction
to the filter from the cake surface. Höflinger et al. [1994] applied the
Mohr-Coulomb deformation criteria to explain the cake compres-
sion, for spherical particles, based on the maximum inter-particle
adhesion force and the friction angle between particles. According
to this model, cake thickness reduction occurs when particles move
due to the exceeding shear force developed by the lately formed
dust layers. Neiva et al. [1999] proposed a cake buildup model in
which the compression of a given dust layer was related with the
drag forces of its upper layers. The computer programs [Höflinger
et al., 1994; Neiva et al., 1999; Schmidt, 1995, 1997] for calculat-
ing pressure drop across dust cake (∆Pc), based on the theories men-
tioned above, have shown good agreement with experimental re-
sults. However, they are valid in a limiting case and workable with
specific parameters depending on every specific case. The dust cake
compression depends on many co-dependent factors from the par-
ticle properties (shape, size, and density) [Choi et al., 2002a, b; Schulz,
1994], the filter surface [Herry, 1973], the gas properties (density,
viscosity and humidity) [Gupta et al., 1993], and the operation con-
ditions (face velocity and cleaning method) [Dennis and Dirgo, 1981;
Silva et al., 1999].

The most interesting point is how to obtain a general and explicit
equation for ∆Pc considering the compression effect. A semi-empir-
ical equation derived by Kozeny & Carman is based on the assump-

tion that dust cake is composed of a series of parallel capillaries. It
is less applicable for polydisperse particles because uniform pore
size is assumed in the model. The results calculated by this model
show high deviation with experimental data for a dust cake of fine
particles having a cake porosity greater than 0.7-0.8 [Perry, 1973].
A theoretical equation derived by Rudnick and First is based on
Happel’s cell model [Chung and Tsai, 1998]. It treats dust cake as
an assemblage of individual particles. Each cell contains a particle
surrounded by an imaginary concentric spherical shell. Here the
porosity of the dust cake is equal to the ratio of the volume differ-
ence between the spherical shell and the particle to that of the spher-
ical shell. This equation is applicable to polydisperse particles using
the geometric mean diameter and the particle size distribution, but
is not suitable to explain the dust compression effect. Endo et al.
[1998] derived a more general equation considering the dynamic
shape factor of particles and the particle size distribution. However,
it is also restricted due to the assumption of uniform porosity through
the overall cake. Moreover, they did not offer an exact value for
the void function involved in the equation for denoting the com-
pression effect.

There are very few reports of careful studies to investigate the
compression properties of the cake because it is very difficult to
measure the cake porosity under experimental conditions. In addi-
tion, the pressure drop across IGCC fly ash cake shows a very dif-
ferent pattern from that of conventional power plants or incinera-
tors because the particles are composed of agglomerates of very
fine carbon particles (mostly of nanometer size) [Choi et al., 2002c;
Iwadate et al., 1998]. The aim of this study was to investigate the
compression properties of IGCC dust cake under well-character-
ized conditions to propose an experimental equation for the pres-
sure drop involving the compression effect.

EXPERIMENTAL

Fig. 1 is the schematic diagram of the experimental unit. The con-
stant volume of IGCC fly ash was fed in the air stream with a screw
feeder at room temperature. Two cyclones of different collection
efficiencies using a different dimension (diameters of conventional
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type are 64 and 48 mm for 1st and 2nd one, respectively) were used
sequentially to obtain dust streams of different particle sizes. Con-
sequently, the mean diameter of particles in dust stream decreases in
the order of S2>S3>S4, where S2 and S3 are dust streams chosen
from bottom flows of the first and the second cyclone, respectively,
and S4 is the outlet stream of the second cyclone. The large particles
being settled naturally in the flow were previously removed in a set-
tling chamber (S1). By this method, well-distributed particle streams
(S2, S3, and S4) were successfully obtained. In order to carry out
an experiment for certain particle sizes, part of one particle stream
was connected to pass the cell chamber by suction with a blower.
Part of this dust stream was forced to cross the filter from outside
to inside by sucking with a vacuum pump while the excess stream
passed out the cell chamber. By this method, particles accumulated
on the outside filter surface. Face velocity across the filter was con-
stantly controlled with a mass flow controller even though pressure
drop changed during the run time. Pressure drop across the filter
was measured with a differential pressure transmitter connected to
the cell chamber and the outlet of the filter unit. Pressure drop versus
time (∆P-t) curve at a constant face velocity was recorded while
the cake thickness was measured with a laser displacement sensor
(Model LK-081/2011/C2, Keyence Corp., Osaka, Japan) under exper-
imental conditions. The sensor was located at the outside of the cell
chamber. And its light passed through an optical window. The mea-
suring insight spot of the optical window was continuously cleaned
by air-jet injection to remove dust deposition. The sensor measures
the distance between the sensor and the cake surface on a fixed po-
sition. Part of the dust stream from the cell chamber was accepted

to be introduced into an aerodynamic particle size analyzer (API
Aerosizer, manufactured by Amherst Process Instruments, Inc., Am-
herst, MA) to measure the particle size distribution under experi-
mental conditions.

Cylindrical SiC filter (Dia-Shumalith 10-20, manufactured by
Schumacher Umweltund Trenntechnik, Germany) [Shulz and Durst,
1998] of dimensions of 60mm and 10 mm (outer diameter and thick-
ness), respectively, was used in the study. The filter of 50 mm length
was assembled between two flanges and formed filter cell in the
cell chamber as shown in Fig. 1. The filter has a thin outer mem-
brane layer whose mean pore size is about 10µm and has a collec-
tion efficiency of more than 99.999% for 0.5µm particle [Hemmer
et al., 1999]. Mass load (W) of accumulated-particulates on the filter

Fig. 1. Experimental unit for measuring the filtration properties
of fly ashes.
Cyclone (C), Cell Chamber (CC), Differential pressure trans-
mitter (DPT), Dust stream (S), Filter (F), Filter cell (FC), Flow
meter (FM), Laser displacement sensor (LDS), Mass flow con-
troller (MFC), Optical window (OW), Screw feeder (SF), Vac-
uum pump (VP)

Table 1. Properties of particles in the dust streams

Dusty dust stream ρp (g/cm3) dg (µm) dv (µm) ds (µm) σg (µm) κ Carbon (wt%)

S2 (1st cyclone bottom) 2.27 12.1 13.3 10.4 1.6 1.65 38.1
S3 (2nd cyclone bottom) 2.25 6.2 7.3 5.8 1.6 1.57 45.9
S4 (2nd cyclone top) 2.20 3.7 4.8 4.1 1.5 1.37 47.3

Fig. 2. SEM images of typical IGCC fly ash: 1,000× (a) and 20,000×
(b).
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surface was calculated by measurement of the weight difference of
the filter before and after the run with an electrical balance. It was
tested that mass load increased linearly with a run time (normally
less than 30 minutes) for a constant feeding rate of the particulates.

Fly ash used in this study was from the process development unit
(PDU) for IGCC located at the Institute for Advance Engineering
(IAE), and collected in the filtering unit by using SiC filters (Dia-
Shumalith 10-20) at a temperature of 573-673 K. The fly ash in clas-
sified-particle streams contains the unburned-carbon (C) more than
38 wt.% as shown in Table1. The particles are composed of agglom-
erates with 100-200 nm particles as shown SEM images of Fig. 2.

RESULTS AND DISCUSSION

1. Particle Properties in the Dust Streams
Fig. 3 shows the cumulative volume percent of the geometric

diameter of particles, in each stream, measured by API Aerosizer.
The results imply that it is successful in obtaining particle streams
of different sizes by series operation of two cyclones even though
parts of particles in the border ranges are overlapped. The statisti-
cal analysis of the measurement data tells us the geometric mean
diameter (dg), the volumetric mean diameter (dv), and the geomet-
ric standard deviation (σg), which are shown in Table 1. The dy-
namic shape factor (κ) of a particle is defined as its drag force at a
given velocity divided by the drag force at the same velocity of a
sphere of the same volume as the particle [Davies, 1979]. It is ex-
pressed by Eq. (1), where, de is the equivalent spherical diameter of
the particle having the same volume with the particle, ds is Stokes
diameter corresponding to the terminal velocity in a viscous flow,
Ce and Cs are Cunningham correction factors of particles correspond-
ing to diameters de and ds, respectively, at the velocity. Cunning-
ham correction factors are 1.16 and 1.0 for the particles of 1 and
10µm, respectively, at normal state (1 bar and room temperature).
It decreases as particle diameter increases. The Cunningham cor-
rection factor (C) of particles larger than 0.1µm is expressed by Eq.
(2) [Hinds, 1999], where λ is mean free path of the fluid. The mean
free path of air is 0.066µm at normal state. de is projected area di-
ameter which is equivalent to a circle diameter having the same area
of the particle [Hemmer et al., 1999]. However, there are many ar-

guments about what does represent the equivalent diameter exactly
for polydisperse particles. The volumetric mean diameter (dv) mea-
sured by API Aerosizer was used as the equivalent diameter in this
study. The Stokes diameter is also replaced with the Stokes mean
diameter (ds) for the polydispersed particles. Finally, dynamic shape
factor was calculated by Eq. (3).

(1)

(2)

(3)

The Stokes diameter was obtained by the sedimentation method
[Webb and Orr, 1997]. In this method, the particles are suspended
in water in a glass tube of 12 mm inner diameter. The concentra-
tion change of the solid suspended with time is determined by mea-
suring the light absorbance at wavelength 320 nm. The Stokes mean
diameter ds is obtained at the point where the cumulative mass frac-
tion reaches 0.5. Table 1 shows the dynamic shape factors of the
classified-particle are 1.37-1.65µm depending on the size.

The composition of unburned carbon (C%) was determined by
measuring the weight change of the sample by thermal gravimetric
analyzer (TGA). The sample was heated at the rate of 30 K/min
from room temperature to 1,223 K and finally kept for 60 minutes
at that temperature. It was assumed that carbon was burned natu-
rally in the analysis cell above a certain temperature. Carbon con-
tents were assumed to be equivalent to the weight changes corre-
sponding to temperature above 873 K (after 20 minutes from the
start) and were summarized in Table 1. Carbon content increased
as the particle size decreased. Particle density (ρp) in Table 1 was
obtained with a Le Chatelier’s density bottle by measuring the true
volume of the particle for the given mass. Density of the particle
decreased as particle size decreased because carbon content increased
as mentioned above.
2. Cake Porosity Expression

The increasing rate of cake thickness (H) decreased gradually
and then kept constant after a certain mass load. These results are
typical patterns showing the compression phenomena of the cake,
which can be assumed by the cake build up model proposed by Sch-
midt [1995]. In the model, dust cake layer is divided into many thin
layers having a thickness corresponding to the time duration. At
the initial stage of a short time, the first layer is formed on the filter
surface. During the next short time interval, the second layer is formed
over the first layer. The first layer is compressed by the drag force
developed by pressure drop across the new layer and is shrunk. When
the third layer is formed, the first layer is shrunk more than the sec-
ond layer by the compression forces from the sum of the second
and third layers. Consequently, the porosity and thickness of the
previously formed layers are reduced with the increase of mass load.
However, the increasing rate of H becomes constant after a certain
mass load because under a certain thickness the cake layer reaches
an incompressible state. In order to inspect the compression prop-
erty of IGCC fly ash cake on the ceramic filter, the thickness change
of the cake was observed during the increase of the mass load by
using a clean filter for each run. Fig. 4 shows the variation of the
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Fig. 3. Particle size distribution of classified particle streams.
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thickness change according to the mass load for the gas streams of
three different particle sizes at a face velocity 0.06 m/s. And Fig. 5
shows the variation of the thickness change according to the mass
load for gas streams of particle size 3.7µm at different face veloc-
ities described in the figure. Fig. 4 and Fig. 5 show that the increas-
ing rate of H with W decreases gradually and keeps constant after
a certain value of W. These experimental results represent the cake
compression effects as described above by the cake build up model.

Fig. 4 also shows that small particles present higher thickness
than the large ones for a given mass load in the same condition. This
result is because the small particles form a cake of high porosity.
Fig. 5 shows that the cake thickness decreases as the face velocity
increases. This is because that face velocity predominantly affects
pressure drop which acts as the main drag force on cake deforma-
tion. Pressure drop across a rigid porous layer increases linearly with
face velocity [Neiva, 1999]. According to the results shown in Fig.
4 and Fig.5, the cake porosity predominantly depends on face veloc-
ity, mass load, and particle size.

Overall cake porosity εo was calculated by Eq. (4) [Cheung and

Tsai, 1998]. It denotes the average value across the entire dust layers.
The experimental result shows that εo decreases exponentially with
H.

(4)

The general trends of overall cake porosity change with the varia-
tion of W, v, and dg are plotted in Fig. 6 and Fig. 7 for the case of
S4 (dg=3.7µm) depending on mass load and face velocity, respec-
tively. The experimental values of 1−εo were closely correlated with
the equation of the power order on mass load (Fig. 6) and face ve-
locity (Fig.7). Table2 and Table3 represent the corresponding power
order constants b and d for the variation of W and v, respectively,
for all cases of experimental data. The average values 0.18 (stan-
dard deviation 0.017) and 0.27 (standard deviation 0.055) for b and
d, respectively, were used to prepare a general equation, represent-
ing all the experimental results for the overall cake porosity, such
as Eq. (5). Solid lines in Fig. 6 and Fig. 7 represent the calculation
values by Eq. (6). Correction efficient K in Eq. (5) was obtained

εo = 1− 
W

ρpH
---------

Fig. 4. Dependency of thickness change with mass load for the par-
ticle size variation for face velocity 0.06 m/s.

Fig. 5. Dependency of thickness change with mass load for the face
velocity variation for particle size 3.7µm.

Fig. 6. Cake porosity dependency on W at various face velocity.
Solid lines show the correlation curve to prepare the Eq.
(6).

Fig. 7. Cake porosity dependency on v at various mass load. Solid
lines show the correlation curve to prepare the Eq. (6).
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through a correlation of the many experimental data for various par-
ticle sizes as shown in Fig. 8. The correlation of experimental data
roughly produced the general constant 0.27 for the calculation of
overall cake porosity changing in W and v. Eq. (6) presents the com-
plete experimental equation for εo showing the effect of W, v, and
dg. Fig. 9 is the typical plot showing that the experimental data are
closely expressed by Eq. (6) for the face velocity of 0.04 m/s.

(5)

(6)

3. The Expression of Pressure Drop Across the Cake
The pressure drop across the cake (∆Pc) is calculated with the

difference between that across the total and the filter. Generally, ∆Pc

increased sharply at the initial stage and then gradually increased
showing the upward curvature according to mass load. However,
previous workers [Cheung and Tsai, 1998; Neiva et al., 1999; Perry,
1973] tried to fit the experimental results with the linear equations
depending on W and v for the conditioned filter. When considering

particle shape, particle size deviation, and compressible property of
the cake, Eq. (7) proposed by Endo et al. [1998] is the most suitable
equation. Where µ is gas viscosity and ν(ε) is void function.

(7)

This equation adopts the uniform cake porosity and the linear
dependency of ∆Pc on W and v. Many cases of experimental results
carried out with a variation of particle size, face velocity, and mass
load indicated that the experimental data of ∆Pc could be correlated
by a power order equation on the variation of v and W with a power
constant of more than 1.0. Now, the task is how to prepare a suit-
able equation involving the compression effect. In this study, we
tried to find the proper expression for ν(ε) implying the compres-
sion effect on the cake porosity calculation by using the linear depen-
dence on W and v to apply Eq. (7). Many sets ν(ε) and εo calculated
from the experimental data of ∆Pc obtained under different condi-
tions of particle size, the face velocity, and mass load are plotted in

1− εo = Kν0.27W0.18

εo = 1− 0.27dg
0.15ν0.27W0.18

∆Pc = 
18µκν ε( )

ε2
----------------------- ρPdg

2exp 4ln2σg( )[ ]− 1νW⋅

Table 2. The correlation constants to express overall cake poros-
ity changes by 1−εo=aWb

dg

v

12.1 6.2 3.7

a b a b a b

0.02 0.10 0.15 0.09 0.17 0.09 0.16
0.04 0.12 0.19 0.11 0.17 0.10 0.18
0.06 0.14 0.17 0.15 0.21 0.11 0.18

Table 3. The correlation constants to express overall cake poros-
ity changes by 1−εo=cvd

dg

W

12.1 6.2 3.7

c d c d c d

0.05 0.18 0.29 0.17 0.29 0.11 0.19
0.10 0.21 0.30 0.21 0.32 0.13 0.20
0.15 0.23 0.31 0.25 0.34 0.15 0.22

Fig. 8. The correlation plot of experimental data to obtain K in Eq.
(5).

Fig. 9. The overall cake porosity change with W depending on par-
ticle size. Solid lines denote the values calculated with Eq.
(6).

Fig. 10. The correlation plot for V(ε) at the variation of cake poros-
ity and particle size. Solid lines denote the values calculated
with Eq. (8).
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Fig. 10, where overall cake porosity (εo) was determined by Eq. (6).
The correlation plot of the experimental data produced Eq. (8) to
correlate the experimental values of ν(ε). This is a similar form of
the equation, 10(1−ε)/ε, which is the Kozeny-Carman expression
that is valid for non-compressible, monodispersed, and relatively
coarse particles. The value and the change of ν(ε) are much higher
than that predicted by the Kozeny-Carman expression. This is be-
cause IGCC fly ash is more compressible by being composed of
agglomerates based on very fine particles of nanometer size.

The overall pressure drop of dust cake was finally expressed by
Eq. (9) for IGCC fly ash at room temperature. Fig. 11 shows that
Eq. (9) successfully meets with the experimental data of ∆Pc for
the particles streams of S2 (dg is 12.1µm). The correlation confi-
dence of Eq. (9) is presented in Fig. 12, for the case of S4 (dg is 3.7
µm), which shows the calculated values closely agree with the ex-
perimental data of ∆Pc. This modified-Endo equation is very useful
to denote all the complicated effects from the particle properties (the
particle size, the particle size distribution, and the dynamic shape
factor), the operation conditions (face velocity and the mass load),
and compression effect. However, it still has a restriction on the view

of that it is applicable only on IGCC fly ash at room temperature.
For particles of different type, alternative equations for νo and ν(εo)
should be obtained.

(8)

(9)

CONCLUSIONS

Compression properties of IGCC fly ash cake on a ceramic filter
were carefully investigated by cautious measurement of the cake
thickness and pressure drop under experimental conditions. From
the experimental data obtained by the change of the particle size,
the face velocity, and the mass load, the following is concluded.

The experimental data for overall cake porosities were well cor-
related with mean particle size, mass load, and face velocity by the
equation εo=1−0.27dg

0.15ν0.27W0.18, denoting the compression effect
of the dust cake. The correlation of many cases of experimental re-
sults with the variations of the particle size, the face velocity, and
mass load produced a general equation for the void function V(ε)=
1010dg

0.92[(1−εo)
2/εo] which is involved in the equation proposed by

Endo et al. [1998]. The modified-Endo equation applying the void
function obtained in this study expressed well the experimental re-
sults for IGCC fly ash.

NOMENCLATURE

a, b, c, d : constants for empirical equations
C : Cunningham correction factor, Ce for de, Cv for dv, and Cs for ds

de : equivalent spherical diameter of particle [m]
dg : geometric mean diameter of particles [m]
dp : projected area mean diameter of particles [m]
ds : Stoke’s mean diameter of particles [m]
dv : volume average mean diameter of particles [m]
H : mass cake thickness [m]
K : correction efficient
v : face velocity [m·s−1]
W : dust load based on the filter surface area [kg·m−2]
∆Pc : pressure drop across dust cake [Pa]
εo : overall porosity of the entire cake layer [-]
κ : dynamic shape factor [-]
λ : mean free path of fluid [m]
µ : air viscosity [kg·s−1·m−1]
ρp : particle density [kg·m−3]
σg : geometric standard deviation [-]
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