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Flow Characteristics of Pulse Cleaning System in Ceramic Filter
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Introduction

The rigid ceramic filters have been recognized to be a most promising kind of equipment for
the gas-solid separation and the cleaning of hot gases due to their unique properties and
higher separation efficiency for larger than 5 1 m particles, which will well meet downstream
system component protection and environmental standards. They have potential for increased
efficiency in advanced coal-fired power generation systems like pressurized fluidized bed
combustion (PFBC) and integrated gasification combined cycle (IGCC) process, and
petrochemical process such as fluid catalyst cracking (FCC) Process. In the commercial
utilization of rigid ceramic filters, the performance of pulse cleaning systems has crucial
effects on the long-term structural durability and reliability of the entire design. In order to
get a clear insight into the nature of this cleaning process and provide a solid basis for the
industrial applications, the transient flow characteristics of the rigid ceramic candle filter
during the whole pulse cleaning process should be completely analyzed. Based on
one-dimensional steady-state flow, the numerical simulation of the pulse-jet cleaning process
was given by using the balance of mass, momentum, and energy (Pitt et al., 1991; Ito et al.,
1998). The two-dimensional unsteady velocity and temperature field in ceramic candle was
numerically simulated by computational fluid dynamics software FLUENT (Christ, et al.,
1996; Gross, et al., 1999). In this work, on the basis of experimental results, the flow in the
pulse-jet space and inside ceramic candle is regarded as two-dimensional, unsteady,
compressible and axisymmetrical flow. The flow across the ceramic tube wall is considered
as unsteady Darcy flow. The k —¢& two-equation turbulence model and energy equations are
used to account for the turbulence and heat-transfer effects. The velocity at the exit of the
pulse gas nozzle was varied with time according to the experimental results obtained by
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hot-wire anemometer. The flow procedure can be used to calculate the transient flowfield in
ceramic candle and analyze the effects of operation and geometry parameters on the pulse
cleaning performance of the ceramic filter.

1 Governing equations and boundary conditions

1.1 Governing equations

Because an industrial ceramic filter vessel normally contains a large number of candles and is
complexly shaped, the interaction between candles make the pulse cleaning process more
complicated. Based on experimental measurements made under cold atmospheric conditions,
the following assumptions are adopted in the later numerical simulations

(1) The computational domain includes entrainment region and the cavity of a single filter
candle, the flow is two-dimensional, unsteady and axisymmmetric flow, so the
cylindrical-polar coordinates are used.

(2) The flow in entrainment space and the candle cavity is treated as compressible; and the
working fluid outside the candle is specified as incompressible.

(3) To analyze the temperature distribution in the candle, the energy equation and motion
equations are jointly solved. The well-known k —& model, with what has become known as
the standard constants, has been used here.

(4) The specific heats C,,C, and consequently the isentropic exponent y may be considered

constant with reasonable accuracy, and the perfect-gas equation of state is applicable.

Based on the above assumptions, the conservation equation for viscous compressible fluid
flow and heat transfer in cylindrical coordinates are given as follows (Robert et al. 1992)
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Above equations stands for mass, momentum, total energy, turbulent kinetic energy,
turbulence dissipation rate, respectively. u ,v is the axial, radial gas velocity in the
respective x and r directions, e is the total energy, k is turbulence kinetic energy, ¢ is
the turbulence dissipation rate, A denotes thermal conductivity, /# is enthalpy. The
equations of e ,/,Aare given as:
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In k—¢ turbulence model, the turbulence model constants are taken to be

o, =1,0,=13, C, =144, C, =092, C, =0.09



1.2 grid generation

According to the geometry of filter, the single candle and its surrounding space shown in Fig.
1(a) is taken as computational domain, where the points A, B, C, D stands for four axial
positions. The candle is a ceramic cylinder that is closed at one end and flanged at the other
end. The coordinate directions are defined in Fig. 1(a), the origin of the coordinate system is
located at the nozzle exit, in its geometrical center. In normal filtration process, process gas
along outer border flows across the porous wall of candle, and then upward enters the clean
gas chamber. In pulse cleaning process, the high-speed pulse jet from the nozzle entrains the
clean gas into the cavity of the candle. Dirty gas flows from the outside of the candle
depositing a filter cake on the outside surface. Clean pulse gas flows in reverse direction to
remove the filter cake periodically. A body-fitted coordinate system is employed in order to
accurately model the effect of the wall and thus reduce the overall numerical error. The mesh
structure of the computational domain is shown schematically in Fig. 1(b), which is a fully
two-dimensional structured mesh with high orthogonality and smooth cell size variation. The
numerical grid is generated automatically by solving elliptic partial differential equations. A
rectangular mesh is employed with a non-uniform cell size to cover the calculation domain
such that the grid is very fine near the candle surface. The computational grid consists of 400
grid points in the axial direction and 80 grid points in the radial direction. The numerical time
step is determined so that the Courant-Friedrichs-Lewy number remains near unity
(Gerolymos et al. 1990). A typical time step is about 0.2 ~0.3 ms.

1.3 boundary conditions

Inflow and outflow boundaries in addition to the symmetry and rigid wall boundaries
surround the computational domain. The time-varying velocity profile at inlet is assumed to
be spatially uniform across nozzle exit, the experimental data in Fig. 2 obtained by hot-wire
anemometer is used at the inlet of the computational domain. The values of turbulence kinetic
energy and energy dissipation were assumed to be constant at the inlet in the absence of any
experimental information.

On no-slip non-porous solid surfaces, the fluid velocity has been constrained to be zero and a
turbulence wall function has been employed in order to bridge the near-wall linear sublayer.

The flow in porous wall of the candle is calculated using the following Darcy’s law
yv=——o (8)

Where v is the superficial velocity through the porous media, AP is the pressure gradient
across the porous media; ok is the thickness of the porous wall. K is the permeability of

porous wall, K =1.68x107"" m?

2 Numerical results and analysis

In order to validate the availability of the flow model and boundary conditions, the velocity
field is simulated by computational fluid dynamics for atmospheric conditions with the pulse
pressure of 0.7MPa, pulse duration of 46 ms and separation distance H of 50mm, and zero
superficial filtration velocity. The computed radial velocity outside the candle, along with the



corresponding experimental result is shown in Fig. 3 for different radial position s of 5, 30,
and 55mm. s denotes the radial distance between the measurement point and the outer surface
of the candle. The numerical prediction of the flowfield is in good agreement with the
experimental measurement by a hot-wire anemometer (Ji, et al. 2000). The calculated and
experimental results show that there exists a middle flow process between the pulse-back
cleaning and normal filtration, in which the back-flow phenomena were found to occur
immediately outside the tube surface. The back-flow velocity peak is found to be larger than
the normal filtration velocity. The discrepancy between the numerical simulation and
experimental measurements may stem from two reasons. The first is the accuracy of the
measurement by a hot-wire anemometer at low velocities. The second reason is the
assumption of uniform permeability and boundary conditions used in the present numerical
simulation. Actually, the various region of an actual candle could have an inhomogeneous
permeability depending on its location.

2.1 The velocity profile

The following numerical simulation are carried out under the filtration temperature of 740K,
the pulse gas temperature of 293K, the superficial filtration velocity of 0.06 m/s, the other
parameters are held constant. Fig. 4 shows the radial velocity outside the filter candle with
s=5mm. It is shown that the variation tendency of the radial velocity with the superficial
filtration velocity of 0.06 m/s is similar to that of the radial velocity with the zero filtration
velocity shown in Fig. 3.

Fig. 5 and Fig. 6 give the velocity vectors in the injector and in the filter cavity at different
times corresponding to the instants of a, b, ¢, d and e in Fig. 3. It can be shown in Fig. 5(a)
and Fig 6(a) that the filtration gas flow across the porous candle wall at constant filtration
velocity of 0.06 m/s and fly ash particles is made deposited as a cake on the element surface
to perform the normal filtration. The pulse cleaning process begins at t=1.1s, the jet entrains
the surrounding clean gas into the filter, and the mixed gas acquires the pressure required for
cleaning in the injector and then flow from the inside to outside. At the initial stage of pulse
cleaning, the pulse gas with a small velocity results in the small quantity of the entrained gas
as shown in Fig. 5(b). With the increasing velocity of pulse gas, the axial velocity inside the
candle cavity reaches maximum value at t=1.4s in Fig. 5 (¢) and Fig. 6(c). The maximum
velocity is far higher than the normal filtration velocity. When the pulse cleaning is almost
completed, the back-flow phenomena shown in Fig. 5(d) have been found to occur in the wall
region of the injector. At the end of the pulse cleaning shown in Fig.5 (e) and Fig.6 (e), the
gas in the cavity of the candle flows from the candle to the clean gas chamber.

2.2 The effect of pulse gas temperature on velocity field

Fig. 7 shows the temperature traces in the two axial positions B and C of the filter cavity
when the temperatures of the pulse gas are 293 and 440K, respectively. The temperature of all
positions returns to its original value within 4s. The calculated result of the temperature traces
is in good agreement with the measured data (Choi, et al. 2001). The result shows that there is
a remarked temperature gradient along the length of the filter candle during the pulse
cleaning, showing the lowest one at the open end of the candle. The temperature drop in the
filter cavity top reaches up to 400K. The entrainment effect is very important for the
operation of the filter system at high temperature in order to reduce the thermal stress,



because the entrained hot clean gas is mixed and heats the cold pulse gas as it passes through
the injector.

Fig. 8 presents the temperature fields in the entrainment space and inside the filter candle
cavity at t=1.4s when the temperature of the pulse gas are 293 and 440K, respectively. The
cold pulse gas exiting from the nozzle gradually mixes with the hot process gas in the cleaned
gas chamber, the gas temperature near the pulse nozzle tip drops significantly. With the gas
flowing along downwards, its temperature gradually reaches to the original value. When the
pulse gas temperature is increased, the effect of the pulse gas temperature on the temperature
inside the candle is decreased. The preheated pulse gas reduces filter element thermal shock.

Fig 9 shows the variation of the radial outside the filter candle along the axial direction with
respect to the process gas temperature, namely, 293, 740, and 1073K. It is obtained that the
radial velocity in the upper part of the filter candle becomes larger than that in the down part
when the process gas temperature increases. This is due to the fact that an increase in the
temperature leads to the increase of the viscosity.

Conclusions
(1) On the basic assumptions of two-dimensional, unsteady, compressible and
axis-symmetrical flow, the k—¢ two-equation turbulence model and body-fitted

coordination are used to numerically simulate the non-steady flowfield during the whole
flow process of the pulse cleaning. The numerical predictions of flowfield are well
consistent with the experimental measurements.

(2) The temperature distributions during the pulse cleaning process were given. The effect of
pulse gas temperature on the temperature distribution in the cavity of ceramic candle was
investigated.

(3) Further work needs to be carried out to improve the boundary conditions and analyze the
transient two-phase gas-particle flowfield in the ceramic filter including the several
candles.
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Nomenclature

C, specific heat at constant pressure, J.mol. K
¢.G,.C, turbulence model constants

d nozzle exit diameter, mm

dn nozzle throat diameter, mm

e total energy, J.m>

H separation distance between nozzle and injector, mm
h enthalpy, m’s™

K permeability of candle wall, m’



turbulence kinetic energy, m?.s

pressure of pulse gas, MPa

static pressure , Pa

radial coordinate, m

axial coordinate, m

— the distance between the measurement point and the outer surface of

candle wall, mm

temperature, K

axial velocity component, m.s™

radial velocity component, m.s”

turbulence dissipation rate, mZ.s™

production term in turbulent kinetic energy equation, kg.m™.s
effective viscosity, turbulent viscosity and molecular viscosity,
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gas density, kg.m™
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Subscripts

S
jet pulse gas

1 laminar flow

t — turbulent flow

filtration gas
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Fig. 1 Schematic diagram of ceramic candle and computational grid
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Fig. 2 Jet velocity traces verse time
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Fig. 3 Comparison of computed radial velocity with experimental data
At three radial points
Point- experiment; line - computation

02

0.1

V/ m/s

0.0 b
i
-0.1 | vv

202 1 1 ‘ !
0.0 05 1.0 1.5

t/s

Fig. 4 Radial velocity outside the ceramic candle
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Fig. 5 Velocity vector plots in the injector region at different instants



(e)t=1.86s
Fig. 6 Velocity vector plots inside ceramic candle at different instants
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Fig. 7 Transient temperature traces verse time
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Fig. 8 Transient temperature field at different inlet temperatures of jet gas
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Fig. 9 Radial velocity profile along axial direction



