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Abstract The Reynolds stress transport model and the Eulerian two-fluid model provided by the FLUENT code
were applied to evaluate the gas-particle two-phase flow in the ceramic filter vessel. The ceramic filter vessel con-
tains six candle filters, which are arranged in the form of equilateral hexagon. The variation of the areal density of
the filter cake during the filtration and the back-pulse process were analyzed. The coupling effect between filters,
gas and solid, filtration and pulse cleaning process were investigated, respectively. The numerical results show a
good approach to predict the particle distribution in the vessel and the particle deposition on the filter element. This
study provides the base for the intensive study on the analysis of the gas-particle flow in the filter vessel.
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1 INTRODUCTION

The ceramic filter has been considered to be one
of the most promising particle separation technology
from gas at high temperature owing to its high filtra-
tion efficiency, heat-shock resistance, and gas erosion
resistance [1-4]. There are many problems that threat
the stability and the reliability of the filtration process
[5-10], such as the bridging of dust cakes between ad-
jacent filters due to the uneven particle removal [11,
12]. This leads to gradual increase of local particle
layer thickness, and the particle bridge then occurs
and damages the filters [13-17].

In this study, the computer simulation of gas flow
and particle transport and deposition in the hot-gas
filtration vessel is presented. To improve the reliability
of the filtration system by overcoming the problem
described above, numerical studies on the ceramic
filters were carried out to investigate the couple effect
between filters, gas and particle, filtration and pulse
cleaning process, respectively.

2 CANDLEFILTER VESSEL GRID PARTITION

The filter vessel models the particle removal sys-
tem for the coal gasification process and accommo-
dates six ceramic filters which are arranged in the
normal hexagon. In the present model, the filter is 6
cm in outer diameter and 1.5 m length. The aperture of
porous film on the filter body is about 10-15 pm. The
straight nozzle (6 mm in inner diameter) is located
above the diffuser. The gap between the nozzle tip and
the diffuser top is 50 mm. The schematic diagram of
the filter vessel geometry and the measurement points
are shown in Fig. 1. The inlet of the dusty gas is lo-
cated at one side of the filter vessel in the position
under 200 mm of the bottom of the filter element (the
close end of the filter element). The origin of the co-
ordinate system is set at the center of the section,
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Figure 1 Schematic diagrams of filter vessel

which is on the same horizontal as the bottom of the
filter element. The z-axis (the longitude coordination)
starting from the close end of the filter element is con-
trary to the gravitational direction. The x-axis is along
inlet flow direction. The positions of the measuring
points are denoted with letter a, which represents coun-
terclockwise angle between two lines that cross on the
centre line of corresponding filter to be investigated.
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The initial line is parallel to the x-axis, and the final
line passes through the measuring point. To identify the
relative position of the filters, the six filters are named
as f1, £2, 3, f4, £5, and {6 in counterclockwise.
Considering the big outline and the complex con-
figuration of the filter vessel, the blend of structured
and unstructured grid are used to simulate the flow
field. To obtain the appropriate solution independent
of grid, different grids are used to simulate the filtra-
tion gas flow in the filter vessel. The grid of 744653
cells is used which is shown in Fig. 2. Patankarhe
gave the method of resistance distribution, namely the
porous medium model to simulate flow field in the
porous material. This method considers the effect of
the solid structure on the fluid flow to be resistance
added on the fluid. So, the fluid flow in the porous
medium can be simulated with coarse grid [18].

Figure 2 Schematic diagrams of grids of filter vessel
3 MODELS AND BOUNDARY CONDITIONS

The Reynolds stress transport model accounts for
the evolutions of the individual stress components,
and thus completely avoids the use of an eddy viscos-
ity and is well suited for handling the anisotropic tur-
bulence fluctuations. So, in this study, it is applied to
simulate the gas flow in view of the flow condition
during the pulse cleaning process where only two
candle filters out of six are to be cleaned.

In the Eulerian approach, the two phases are con-
sidered to be separate interpenetrating continua and
separate (but coupled) equations of motion with sepa-
rate boundary conditions solved for each phase. Con-
servation equations for each phase are derived to ob-
tain a set of equations, which have similar structure
for all phases (Fluent User’s Guide, Version 6.0).

The continuity equation for phase ¢ is

%(aqpq)+v'(aqpquq):0 (1

where Qs Py and u, are the volume fraction, den-
sity, and velocity of phase ¢, respectively.

The expression of balance of momentum for
phase ¢ is given as

0
a(aqpquq)+v'(aqpququq):—aquJrVTq +

Z[qu(up _uq)+mpqupq]+

p=1
P, (Fy *+ Fiing + Fumg) 2)
where Tq is gth phase stress-strain tensor, which is

computed by
2
T, =a,u,(Vu, +Vul )+9, (,1(1 —qujv-uql 3)

Here, 1, and 4, are the shear and the bulk viscosity
of phase ¢, respectively, F, is an external body force,
Fiing 1s a lift force, Fymg is a virtual mass force, K, is
the interphase momentum exchange coefficient, 7,
characterizes the mass transfer from the pth to gt
phase, and U, is the interphase velocity.

To describe the conservation of energy in the
Eulerian multiphase applications, a separate enthalpy
equation can be written for each phase by:

0 p
a(aqpqhq)+v-(aqpquqhq):—aqa—tq+

T,:Vu,-Va, + Z(qu + mpthq) 4)
P

where /4, is the specific enthalpy of the gth phase, q, is
the heat flux, O,, is the intensity of heat exchange
between the pth and gth phases, and 4,, is the inter-
phase enthalpy. The heat exchange between phases must
comply with the local balance conditions Q,, =—0,

qap
and 0, =0.

Velocity inlet boundary condition is used. Gas
and particles are fully mixed before they enter the fil-
ter vessel. To simulate the back-pulse purge process,
the boundary condition at the nozzle inlet is modified
to a pressure boundary condition. The ceramic filters
are treated as porous media with a given permeability
and the penetration of the gas through the porous filter
wall is computed as part of the solution. The permeabil-
ity is decided by the Darcy law, which is given by [19]

U
Ap=-296 5
p == (5)

where Ap is seepage pressure drop, u is gas molecular
viscosity, which is a function of temperature, k is
permeability, which is 1% 102 m? in this simulation, v
is filtration velocity of gas, 0 is the thickness of the
porous material.

The standard wall function is used in the simulation.

4 RESULTS AND DISCUSSION

First, the filtration process is simulated. The op-
eration parameter is selected from an industry design
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of ceramic filtration system. The gas velocity into the
filter vessel is 7.05 m's ', with the operating pressure
being 4.0 MPa, and the temperature being 673 K. In

this model, the density of gas and particle are 22.4 an(31

2000 kg'm °, respectively. The particle load is 10 g'm .

The mean particle diameter is 3 pm. When the filtra-
tion process proceeds on for 300 s the boundary con-
dition of nozzle corresponding to filter f3 and f4 are
changed to pressure inlet from wall, so the pulse
cleaning process begins. An average pressure of the
pulse gas tank for the filter cleaning is 9.0 MPa at
temperature 293 K. The pulse duration is 0.6 s.

4.1 Coupling effect between the gas and particles

Figure 3 shows the areal cake density distribution
at the outside surface of filter f3 along the filter length
at different circumferential position at t=240 s and
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t=300 s. The areal filter cake density increases from
the close end of the filter and reaches the maximum at
about the middle region, and then decreases when to-
ward the top end of the candle filter. The distribution
of the areal filter cake density along the filter length
presents the similar trend at different circumferential
position. It can be seen by comparing the areal filter
cake density at different time that filter cake density
increases more quickly at the region where the cake
density is smaller. This is because the gas will enter
the ceramic filter through the position with lower re-
sistance, where the cake density is smaller and thereby
more particles will settle on this place.

Figure 4 shows the radial velocity distribution at
the outside surface of filter f3 (the distance is 0 mm
from filter outside surface) along the filter length at
time =240 s and 7=300 s. The radial velocity de-
creases from the close end of the filter and reaches the
minimum of about 0.016 m's™' at about z= 100 mm,
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Figure 3 Variation of filter cake density on the surface of filter f3 with time along filter length

0.023
w 0.022
= 0.021
0.020
0.019
0.018 |
0.017 |

T

radial velocity/m

0.016 -

1

L

L

L

L

L

0 020

40

6 08 1.0 1.2 14 1.6

position along filter/m

(a)r=240s

0.025 |
; 0.024 |+
£
E 0.023 |+
2 0.022 ¢
=
= 0.021
0.020
1 L 1 L L 1 ! L
0 020406 08 1.0 1.2 14 16
position along filter/m
(b)t=300s

Figure 4 Variation of radial velocity outside filter f3 with time along filter length

ma=0°% @ a=30° Aa=60°



Chin. J. Chem. Eng., Vol. 16, No. 4, August 2008 561

and increases along ﬁlter length reaching the maxi-
mum of about 0.019 m-s (t 240 s) at about z= 800
mm, and the decrease then toward the open end of the
filter. The distribution of the radial velocity along the
filter length shows the similar trend at different circum-
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Figure 5 Variation of radial velocity in porous filter wall along filter length



562 Chin. J. Chem. Eng., Vol. 16, No. 4, August 2008

cake density and gas radial velocity at the outside sur-
face of filter f3 along the filter length at =300 s. The
gas radial velocity is higher at the lower porosity re-
gion, where the filter cake density is higher. The filter
cake density distribution along the filter is similar to
that of gas radial velocity.

Figure 5 shows the variation of radial velocity
distribution in porous media of filter f3 (the distance
from filter outside surface is 5 mm) along the filter
length. The gas flow distribution in porous media
along filter length varies much when entering the can-
dle filter. Gas radial velocity decreases upwards and
reaches the minimum at about the middle region of the
filter length, and increases then toward the top end of
the filter. The distribution trend of radial velocity in
the porous medium along the filter length is similar at

different circumferential positions and at different times.

The radial velocity decreases at the middle region and
increases at the vicinity of the top and close end of the
candle filter. More gas will enter filter from the upper
and the lower region of the candle filter, and more
particles will then deposited on these region on which
the filter cake density will increase more quickly than
that of on the middle region. Therefore the areal filter
cake density distribution along the filter length will
tend to be uniform with increase in filtration time.
Comparison of Fig. 3 (c) with Fig. 5 (e) shows
interactional effect of the variation of the areal filter
cake density and the gas radial velocity at the outside
surface of filter f3 along filter length. The porosity is
higher and accordingly the resistance is lower in the
region, where the filter cake density is higher. Gas
with particles will enter the filter at low resistance
place so more particles will settle on this region.
Figure 6 shows the simulation result of pressure
drop across the filter cake and the filter f3 element
along the filter length at different times. The pressure
drop increases from 2200 Pa at the bottom end to
3200 Pa at the top end of the filter at =240 s. Al-
though the pressure drop changes from 3550 Pa at the
bottom to 4000 Pa at the top part of the filter at =300
s, the pressure distribution along the filter length be-
comes more uniform with increase in the filtration time.
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4.2 Effect of ongoing cleaning filter on normal
filtration filter

Figure 7 is the areal filter cake density variation
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Figure 7 \Variation of the filter cake outside the filter f2
along the filter length with time

in the axial direction and the circumferential direction
at the outside surface of the filter f2 (the distance from
the filter outside surface is 0 mm) before/after the
pulse cleaning process. Filter f2 acts as the role of
filtration when its neighbor filter f4 is under cleaning.
The filter cake density increases when the filtration
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process carries through. Figs. 7 (a) and (b) show that
the filter cake density distribution along the filter
length changes very little at the region of a =0-60°
far from the cleaning filter f3. Figs. 7 (¢) and (d) show
that the filter cake density increase more quickly at the
region of a = 180°-240°, which is adjacent to the
cleaning filter f3.

5 CONCLUSIONS

A dense filter cake layer will form during the fil-
tration process when gas carrying particle enters the
ceramic filter element. The filter cake will affect the
gas flow, and vice versa the gas flow pattern affects
the particles movement. Areal filter cake density dis-
tribution is not uniform at the outside surface of filters
at the early stage of filtration. Gas will encounter high
resistance when it enters the ceramic filter element
through the region with high cake density. So, more
gas will enter the filter from low resistance place,
where filter cake density is small and more particles
will sediment on this region. Therefore, areal filter
cake density distribution along the filter length will
tend to be uniform with filtration process progressing.

The effect of pulse cleaning process on the filtra-
tion process is noticeable. Filter cake density at the
outside surface of the filter f2 increases more quickly
at the region, which is adjacent to cleaning filter {3.

NOMENCLATURE
a angle, (°)
Fiing  lift force, N
F, external body force, N
Fumg  virtual mass force, N
K,y interphase momentum exchange coefficient, kgrm s~ '
k permeability, m
m,, mass transfer from the pth to gth phase, kgrm s '
T, stress-strain tensor of gth phase
t time, s
u, velocity of gth phase, m's™'
Upg interphase velocity, m's ™"
v filtration velocity of gas, m's”'
z height of the position from the origin of the coordinate system, mm
ay volume fraction of gth phase
0 thickness of porous medium, m
Aq bulk viscosity of gth phase, Pa-s '
u molecular viscosity of the fluid, Pa-s”
m shear viscosity of gth phase, Pa-s'

Py density of gth phase, kg'm >
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