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CHAPTER |

INTRODUCTION

1.1 Introduction

Recently air pollution has become a serious public health issue in Thailand.
Particulate matter (PM) not only constitutes one of the primary air pollutants but also
often contains toxic components hazardous to human health. PM is produced from
various industrial processes such as thermal power plants, including those which use
diesel oil as main fuel of diesel generators. Therefore it is imperative to remove the
particulate matter before it is emitted to the atmosphere and threatens the health of
power plant employees and residents in the surrounding communities. Fine particles
with diameters smaller than 2.5 micrometers (PM2.5) are known to have the highest
impact on human health because they can penetrate deeply into the human respiratory
system. Therefore it is indispensable to develop a high-temperature particulate matter
(soot) collecting system with high collection efficiency.

Several high-temperature dust collection technologies have been proposed and
investigated around the world. One of the most promising practical methods is the
employment of ceramic candle filters. The inevitable changes in pressure loss and
face velocity during cyclic operation of filtration and dedusting may significantly
influence filter durability.. The pulse-cleaning jet and its pressure in the filter cavity
might not be distributed uniformly along the filter length. Both experimental results
and numerical calculations were employed to investigate some characteristics of the
pulse jet cleaning [1]. Computer simulation ‘was used to investigate the influence of
the filtration velocity and the maximum pressure drop. It was found that the residual
pressure drop of the filter depended on the compressibility of the dust cake building
up on the surface the filter medium with every new filtration cycle. The
compressibility of the dust cake was defined by a relation between the cake
compression pressure and tolerable stress [2]. Occasionally the ceramic filter tended
to show patchy cleaning when the filter regeneration was incomplete. Achim Dittler et

al. compared the regeneration behavior between modeling and experimental results



during the following filtration cycle. The observed fair agreement indicated that the
model has good predictive capability for operational filter cleaning. Both filter
conditioning and dust cake compression significantly influenced the operational
performance of partially regenerated filter media [3]. The filtration and the reversed
flow process at ambient conditions were investigated by T.G. Chuaha et al. using a
cylindrical filter and tapered filter. They modeled the gas flow along the ceramic
candle filter by assuming one-dimensional steady state flow. For the tapered filter, the
model’s prediction was shown to have good agreement with their experimental data
[4]. Unless correctly designed, manufactured and operated, the high-temperature
ceramic filtration process could become unstable. As one of the necessary conditions
for stable operation, they identified the time-dependent relation between the pressure
drop across the filter candles and the deposited dust load during each filtration cycle.
In other words, determination of the process parameters involved in the prediction of
the pressure drop as a function of the deposited soot mass is a necessary condition for
successful long-term cyclic operation of filter loading (filtration) and regeneration
(decaking). During the build-up of the dust cake, the pressure drop of the filtration
system increased monotonically and the system was periodically regenerated by the
application of air-pulse cleaning or some other effective decaking method.

A typical ceramic filtration unit consists of a multitude of filter candles.
However, nearly all previous CFD investigations have focused on single filters. For
the sake of simplicity, only a twin-candle filtration unit will be validated with
experimental data obtained by Hosokawa Powder Technology Research Institute
(HPTRI). We employ a CFD model provided by commercial software (FLUENT) to
simulate the 3D fluid flow inside the ceramic twin-candle filter unit. The calculated
flow field is used to estimate the local flow velocities. In addition, the CFD technique

allows'the major parameters to be varied and investigated efficiently.

1.2 Objectives

The objective of this research is to simulate and analyze the pressure drop
across the twin-candle ceramic candle filter system by including the effect of filtration
velocity, dust concentration, gas temperature and gas inlet location.



1.3 Scope of research work

The scope of this research is as follows:

1.
2.

o 0o k~ w

Simulate the pressure drop of the virgin twin-candle ceramic filter system.
Investigate the effects of key parameters, such as filtration velocity, dust
concentration, gas temperature and gas inlet location, on the pressure drop
across the filter and then verify the simulation results by using experimental
results.

Inlet gas temperature range: 15 - 600 °C.

Filtration velocity range: 1 — 5 cm/s.

Inlet dust concentration range: 5 - 50 g/m°.

Gas inlet location: three positions.

1.4 Procedure of the research

1.
2.
3.

Review the related literature.

Consider suitable mathematical models which could represent the system.
Run simulation and validate the simulation results by comparison with
experimental results as reported data.

Analyze and discuss effects of concerning variables on pressure drop.
Write the thesis.



CHAPTER Il

LITERATURE REVIEW

This chapter will review representative reports on the removal of the
particulate matter emitted using the ceramic candle filter. Both of the experiment and

the simulation are observed. They are summarized as follows.

2.1 Experiment

A. Larbot et. al employed ceramic air filters (CAF) with different
characteristics to investigate the influence of face velocity and CAF characteristics
(porous volume, average pore diameter and thickness) on the values of aerosol
penetration and pressure drop. The investigations were carried out by varying all the
parameters influencing the filter performance. It was found that face velocity and
CAF thickness had a strong influence on the collection efficiency. As expected, if the
velocity increased or the thickness decreased, the filter efficiency decreased [1].

E. Schmidt investigated the compression of dust cakes deposited on filter
media by considering the various factors such as particle size distribution, particle
charge, adhesive and cohesive properties, and pressure drop across filter element. The
filter flow resistance and pressure drop nonlinearly increased with filtration time.
There were jumps in pressure drop at a higher cleaning frequency, which is
disadvantageous for filtration performance. They predicted the deviation in the time-
dependent pressure loss functions from the linear trend. Compression results of
different filter cakes were verified by local cake structure analyses, thereby indicating
inadequate cake stability [2].

C.R.N. Silva et. al studied the behavior of the filter during filtration at several
superficial velocities with respect to the formation and removal of the deposited layer.
The cake porosity decreased and the cake specific resistance increased with increase
in the face velocity due to particle settling before reaching the filter. They suggested
that the effect of porosity is greater than that of the average diameter of the particles.

The estimated cake/fabric adhesion force was estimated as well as the effective



distance between the particle surfaces [3].

K. Smolders and J. Baeyens determined the baseline pressure drop and the
effect of the cleaning cycles from the experimental results for various face velocities.
The baseline pressure drop increased dramatically and the removal of dust cake was
vital for a return to the virgin state. The jet-cleaning velocity was important. Too low
velocities were insufficient to adequately clean the filter. In practice, the total pressure
consists of the baseline pressure drop and the pressure drop of the dust layer which is
directly affected by the dust load. The equation through porous media can be used to
calculate the proportionality factor for predicting the time between two cleaning
cycles [4].

C. Kanaoka and M. Amornkitbamrung captured dust by a ceramic filter using
five elements made of different materials and structures. Injecting a high-pressure
pulse clean air, the behavior of dust detachment was monitored by high speed video
images. At the beginning, the pressure drop across the filter surface increased
immediately because of the formation of a dense dust layer on the ceramic filter
surface and was followed by a slowdown in the increase in rate due to the formation
of a coarse layer. In the cleaning process, the pressure traces had different behaviors
after the injection of cleaning air, depending on the filter permeability and the filter
material [5].

D. Thomas et. al studied the increase of pressure drop and filter efficiency
(characterized by HEPA filters) during the filter clogging that was linked to both
penetration profile inside the filter-bed and the deposited structure. Within the range
of their study, no influence of either the face filtration velocity or the aerosol
concentration on deposit structure was detected. They found that larger particles
induced a smaller pressure drop, which is linked to the specific surface area. They
carried out not only experimental but also modeling study. Their model described the
transition zone between depth filtration and cake filtration, and also penetration
profile [6].

J.C. Ruiz et. al studied the potentiality of symmetric ceramic filters for
efficient air filtration, and pointed out the parameters to take into account for defining
their properties. The evolution of particle penetration and pressure drop was

investigated as a function of pore size, membrane thickness and air flow velocity. The



test was carried out with three types of ceramic compositions to capture sodium
chloride particles in the range of 0.01-0.7 micron in diameter. Besides, a linear
variation of the pressure drop versus the face velocity and a logarithmic variation as a
function of CAF thickness were observed, along with the influence of pore diameter
on the penetration and pressure drop. Interesting result is a specific correlation
between the characteristics of the filter media and the filtration velocity with an

acceptable pressure drop [7].

2.2 Simulation

J.H Choi et. al carried out experimental work in a hot bench unit as well as
simulation of the corresponding fluid flow around the pulse nozzle at steady state.
Operated at 400 to 600 °C, the bench scale unit employed oil combustion gas and fly
ash. The simulation study was carried out using the FLUENT code and the k-¢
turbulent flow model of Re-normalization Group (RNG). In order to simulate the flow
dynamics of the air pulse cleaning, the axial symmetric equation of Navier - Stokes at
steady state was solved numerically. The pressure drop through the filter element was
calculated using Darcy’s law [8].

C. Stocklmayer and W. Hoflinger applied mathematical modeling and
computer simulation to the investigation of the influence of two key parameters - the
filtration velocity and the maximum pressure drop. It was found that the residual
pressure drop of the filter mainly depends on the compressibility of the dust cake,
which successively builds-up on-the surface the filter medium with every new
filtration cycle. Here the compressibility of the dust cake is defined as the relation
between the cake compression pressure and withstandable stress. The effect of the
two operational parameters (the filtration velocity and  maximum pressure drop) on
these two variables (residual pressure drop and dust-cake compressibility) were
investigated [9].

A. Aroussi et. al examined, through experimental and computational
modeling, the deposition process and the factors that affect the build-up of the filter
cake of a single filter element in cross-flow and parallel flow. For both flow regimes
the validation of the computational study was adequate and a method was developed
for predicting the filter cake growth using CFD data. An experimental and



computational investigation was also conducted into the particle trajectories in the
vicinity of a single filter element in cross-flow and parallel flow. The filter cake
formed on a filter element operating predominantly in cross-flow has the same
particle size distribution as that in the approaching gas stream. Deposition is
essentially uniform. Whether the flow is predominantly parallel to the filter element,
the filter cake will be size-differentiated according to vertical and circumferential
positions on the filter face. It is likely that the cleaning process will significantly
influence the cake composition [10].

A. Karadimos and R. Ocone presented a simple model for the loading process
of aerosol particles on fibrous filters with the aim to show the influence that the flow
recalculation around a single fibre has on the complete loading process, up to the final
clogging of the filter. At each loading stage, the change of shape of the fibre is
presented, and information on the flow field around the fibre and the resulting filter
efficiency were obtained. The effect of the flow recalculation on the filter efficiency
showed that the single fibre efficiency would be overestimated when the effect of
further deposition was neglected. To perform the study, they developed a CFD code
and combined it with particle trajectory simulations. The effect of the fluid flow
recalculation on particle deposition in a fibrous filter has been investigated by solving
both the flow of the carrier gas and the motion of the particles past the fibre. The
results were combined to show the effect of the dendrites on the flow and to consider
the influence this has on the efficiency of the filter. The experimentally observed
increase of efficiency, as loading. increases, was. predicted. A slower increase of
particle capture and single fibre efficiency was observed with time; this can be
attributed to the interactions between deposited particles and gas flow around them
[11].

A. Dittler et. al reported that rigid ceramic filter media widely used for the
removal of particles from gas streams at elevated temperature tend to show patchy
cleaning when the filter regeneration is incomplete. They also obtained reasonable
comparison of the regeneration behavior between modeling and experimental results
during the next filtration cycle. The fair agreement of modeling with experiment

indicates that the model has real predictive capability for operational filter cleaning.



Both filter conditioning and dust cake compression significantly influence the
operational performance of partially regenerated filter media [12].

T.G. Chuah, C.J. Withers and J.P.K. Seville used a cylindrical filter and
tapered filter to investigate both the filtration and the reverse flow process at normal
conditions. The positions which were used to measure the pressure difference across
the filter at various points along the filter were the tapping tubes and
micromanometer. For the numerical integration, a computer code is employed using
FORTRAN 90. Their work predicted the gas flow along the ceramic candle filter by
assuming one-dimensional steady state flow. For the tapered filter, the model’s
prediction was shown to have good agreement with their experimental data.
Moreover, the friction factor term which affects the momentum term in the model had
a strong influence on the reverse flow case [13].

Y. Awni and A. Otoom predicted the deposited cake thickness on a ceramic
candle filter by considering the number of dust particles deposited and their size
distribution which were analyzed statistically. Using a random size distribution of the
particles, the model predicted the manners in which the collection efficiency, the
porosity, and the pressure drop across the filter change with the filtration time in
several filter types. The model was shown to be capable of predicting the cake
thickness and pressure drop which agreed with the experimental data [14].

Z. Ji, M. Shi and F. Ding investigated a pulse-jet generating system. To
calculate the mass consumption of compressed gas per pulse, the gas flow from the
reservoir was treated as an-adiabatic process. Based on the theory of flow transients
and thermodynamic relations, a dynamic model was presented for the pulse-
generating system consisting of the pulse gas reservoir, nozzle, solenoid valve and
connecting pipelines.. The model is said to constitute a requisite tool for optimizing
the pulse cleaning operation and predicting the performance of the pulse cleaning
system [15].

Three filter media with very different physical properties are used in the work
by S. Calle et. al during clogging and cleaning cycles was developed. The model
determined the cleaned fraction at each cycle with the assumption of patchy cleaning.
In this study, they determined the pattern of a parameter representative of cleaning,

namely the cleaned fraction, from experimental values of the residual pressure drop of



a filter medium. However, it had limitation in case of certain treatment undergone by
the medium to increase its regeneration capabilities. Moreover, it was based on the
assumption of ideal patchy cleaning presenting either totally cleaned or non-cleaned
areas, which is far from reality [16].

C.B. Neiva et. al carried out experiments under coal gasification conditions
assuming that the gas velocity was constant and that the layers were formed in equal
time interval. They used Darcy’s law, the Happel cell model and the Carman-Kozeny
equation in calculating the pressure drop during the build-up of dust filter cakes. The
adjustment of the cake properties took into account through a constitutive equation the
compressive stress which arose from the cumulative drag forces due to gas flow
acting on the cake particles. The introduction of an empirical setting factor in the

method brought the results closer to the experimental values in all three cases [17].



CHAPTER I

THEORY

3.1 Pressure drop of ceramic filter

The total pressure drop of the system can be considered as the summation of
the pressure drops across the clean ceramic candle filter and across the dust cake layer
as shown in Equation (3.1).

AP

total

~AP

filter

+ APy gicare = (& +Ma) v (3.1)

total —

Then AR _—(é%a)lug = (Rfilter + Rcake)Q (32)

From equation (3.2) we can derive the relationship between the filter
resistance (Rriier) and the specific resistance of filter (§) as shown in equation (3.3).
Similarly, the relationship between the cake resistance (Rcke) and the specific

resistance of dust cake (a) is shown in equation (3.4).

luffilter
R — 3.3
filter A ( )
Mo
Rcake — = A (34)

The porosity of the filtration cake is a very important structural parameter, as
the pressure drop in the filter and the necessary forces for the removal of the
deposited powder layer depend on. it. The average porosity -of a cake obtained from
these equations could be used for estimating the medium porosity with reasonable
accuracy. Of the equations investigated, the well known Ergun correlation is the one
which presented the best results and would be used here for estimating cake porosity.
For a particle layer of thickness L, composed of particles with mean diameter d,, the
Ergun correlation for the pressure drop can be written as equation (3.5)

AP _1500—¢") iV, 175(1-¢) pVf

35
L g d; & d (35)

p
where € is the mean porosity of the layer. L is the gas viscosity and P is the density

of gas. The assumptions of these equations are as follows:
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1. The collection efficiency is essentially 100 percent.
2. Dust cake is incompressible.

The pressure drop will be dependent on the operating time and cleaning
(pulse-jet) duration time as shown in Figure 3.1 .Also, the pressure drop will depend

on the frequency of cleaning and the number of filter candles.

Cleaning initiated

| -

Pressure drop

Time

Figure 3.1 Trend of the pressure drop in a single-candle system

3.2 Efficiency of particle collection

In a dust collection system, particles will be separated from the gas stream by
settling or impact and get trapped at the medium. The particle collection efficiency of
dust collection system can be considered in the form of dust separated and collected
by that instrument. On the other hand, we can consider the form of dust escaping from
the system which is called penetration. The definitions of particle collection efficiency

and penetration are-illustrated in Equations (3.6)and (3.7).

Efficiency of particle collection nzl—% (3.6)
Penetration n=1-n (3.7)

3.3 Computational Fluid Dynamics (CFD)
Computational Fluid Dynamics or CFD is the analysis of systems involving

fluid flow, heat transfer and associated phenomena such as chemical reactions by
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means of computer-based simulation. This technique is very powerful and spans a
wide range of industrial and non-industrial application areas. The ultimate aim of
developments in CFD field is to provide a capability comparable to other computer-
aided engineering tools. The variable cost of an experiment is proportional to the
number of data points and the number of configurations tested. In contrast CFD codes
can produce extremely large volumes of results at virtually no added expense and it is
very cheap to perform parametric studies, for instance optimize equipment

performance.

3.4 Commercial software used for CFD
Each software package aimed at the CFD market has to assist the user in

carrying out the tasks that form the analysis process. This is done by providing,
typically, three main pieces of software together with a variety of utility programs as
follows.

* Pre-processing program

* Processing program

» Post-processing program
The use of all these programs will be explained below.

3.4.1 Pre-processing program

All the tasks that take place before the starting of the numerical solution
process are called “pre-processing”. This includes the first three phases of the analysis
process that consisted of thinking, mesh generation and defines the numerical control
parameters. While the first phase needs considerable thought, and considerable
engineering judgement, if the physical flow problem is to be translated into a problem
that is'solvable by the CFD software it does not involve any computing. It is only
when this first phase has been completed that the computing starts.

To assist in the computational part of the pre-processing phase, most software
packages have a pre-processing program that can be used to carry out the following
operations:

* Define a grid of points and perhaps volumes or elements.

* Define the boundaries of the geometry.
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Apply the boundary conditions.

Specify the initial conditions.

Set the fluid properties. .

Set the numerical control parameters.

In carrying out these tasks the user has to interact with the computer in some
way. Since the pre-processing program usually has a graphical interface, so that
parameters can be set and the resulting changes seen quickly. This is particularly
important when the mesh is being built.

The most difficult task in the pre-processing phase is the generation of the
grid of points or mesh. It is often that this task can be simplified by using software
which has been especially designed to carry out mesh generation. One example of this
is the use of programs written to produce meshes suitable for the finite element ana-
lysis of structural problems. Some software, such as GAMBIT, is commonly available
and can interface with computer-aided design systems. This allows the analyst to
access computer models of objects, the surface data of which can form the basis for

the geometry around which the mesh for a CFD simulation can be built.

3.4.2 Processing program

Each package has a program that solves the numerical equations for the
problem under consideration. This program must be given all the relevant data that
has been defined by the pre-processing program. To transfer the data between the
programs, the pre-processing program ‘writes; out -data- files that the processing
program can read. These files can also be moved, if necessary, between computers.
This is extremely useful as it means that the processing program.can.run on a machine
specifically designed for high speed numerical work while the interactive tasks are
carried out on a smaller machine. This splitting of the tasks between machines enables
the hardware to be used in the most efficient manner. Once the data files are in place,
the processing program is activated and the required solution process carried out. At
the end of this phase, further data files will be available, which may have to be

transferred back to the machine where the pre- and post-processing programs are run.
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FLUENT is one of the most favorite processing programs using for modeling
fluid flow and heat transfer in complex geometry. FLUENT also allows refining or
coarsening the finite-difference grid based on the flow solution. This solution-
adaptive grid capability is particularly useful for accurately predicting flow fields in
regions with large gradients. Solution-adaptive refinement makes it easier to perform
grid refinement studies and reduces the computational effort required to achieve a

desired level of accuracy.

GAMBIT Geomet}:y Other
or mes
« Geometry set up ¥ CAD/CAE
* 2D/3D mesh generation Package
2D/3D mesh Boundary Boundary and/or
mesh volume mesh
v
FLUENT |
» Mesh import and adaption TGrid

« Physical models .
* 2D triangular mesh

r' N

« Boundary conditions
Mesh * 3D tetrahedral mesh

« Material properties .
« 2D/3D hybrid mesh

« Calculation

* Post-processing

A

Mesh

Fig 3.2 Basic Program Structure of FLUENT

FLUENT employs unstructured meshes in-order to reduce the amount of time
spent-on generating meshes, simplify the geometry modeling and mesh generation
process, and model more complex geometries than we can handle with conventional,
multi-block structured meshes. It also let us adapt the mesh to resolve the flow-field
features. FLUENT is capable of handling triangular and quadrilateral elements (or a
combination of the two) in 2D, and tetrahedral, hexahedral, pyramid and wedge
elements (or a combination of these) in 3D. This flexibility allows picking mesh
topologies that are best suited for the particular application. We can adopt all types of

meshes in FLUENT in order to resolve large gradients in the flow field, but we must
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always generate the initial mesh (whatever the element types used) outside of the
solver, using pre-processing program for which mesh import filters exist.
The solving steps of FLUENT is as follows
Create the model geometry and grid.
Start the appropriate solver for 2D or 3D modeling.
Import the grid.
Check the grid.

Select the solver formulation.

o o1 A W DN P

Choose the basic equations to be solved:

- Laminar or turbulent, chemical species or reaction, heat transfer models, etc.
- Identify additional models needed: fans, heat exchangers, porous media, etc.
7 Specify material properties.

8 Specify the boundary conditions.

9 Adjust the solution control parameters.

10 Initialize the flow field.

11 Calculate a solution.

12 Examine the results.

13 Save the results.

14 If necessary, refine the grid or consider revisions to the numerical or physical

model.

3.4.3 Post-processing program

As large numbers of points have to be created within the flow domain if
reasonable simulations are to be obtained, and as several variables are stored at these
points, computer graphics is often the only means of assessing the data written by the
processing program. The post-processing program is used to display the results, and,
as with the pre-processing program, this program is interactive and so is usually run
on the same machine as the pre-processing program. Typical pictures obtained with
the post-processing program might contain a section of the mesh together with vector
plots of the velocity field or contour plots of scalar variables such as pressure. These
pictures enable global trends in the data to be seen.
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3.5 Modeling Turbulence

Turbulent flows are characterized by fluctuating velocity fields. These
fluctuations mix transported quantities such as momentum, energy, and species
concentration, and cause the transported quantities to fluctuate as well. Since these
fluctuations can be of small scale and high frequency, they are too computationally
expensive to simulate directly in practical engineering calculations. Instead, the
instantaneous (exact) governing equations can be time-averaged, ensemble-averaged,
or otherwise manipulated to remove the small scales, resulting in a modified set of
equations that are computationally less expensive to solve. However, the modified
equations contain additional unknown variables, and turbulence models are needed to
determine these variables in terms of known quantities.

FLUENT provides many choices of turbulence models. It is an unfortunate
fact that no single turbulence model is universally accepted as being superior for all
classes of problems. The choice of turbulence model will depend on considerations
such as the physics encompassed in the flow, the established practice for a specific
class of problem, the level of accuracy required, the available computational
resources, and the amount of time available for the simulation. In this work, we will

use k-€ model to make the appropriate model for the system.

3.5.1 RNG k-¢ model

The simplest “complete models” of turbulence are two-equation models in
which the solution of two separate transport equations allows the turbulent velocity
and length scales to be independently determined. The standard k-¢ model in
FLUENT falls within this class of turbulence model and has become the workhorse of
practical engineering flow calculations. Robustness, economy, and reasonable
accuracy for a wide range of turbulent flows explain its popularity in industrial flow
and heat transfer simulations. As the strengths and weaknesses of the standard k-e
model have become known, improvements have been made to the model to improve
its performance. One of these variants available in FLUENT is the RNG k-& model.

The RNG k-g¢ model was derived using a rigorous statistical technique (called
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renormalization group theory). It is similar in form to the standard k-¢ model, but

includes the following refinements:

e« The RNG model has an additional term in its & equation that significantly
improves the accuracy for rapidly strained flows.

e The effect of swirl on turbulence is included in the RNG model, enhancing
accuracy for swirling flows.

e The RNG theory provides an analytical formula for turbulent Prandtl numbers,
while the standard k- model uses user-specified, constant values.

e While the standard k-e¢ model is a high-Reynolds-number model, the RNG
theory provides an analytically-derived differential formula for effective
viscosity that accounts for low-Reynolds-number effects. Effective use of this
feature does, however, depend on an appropriate treatment of the near-wall

region.

These features make the RNG k-e model more accurate and reliable for a
wider class of flows than the standard k-¢ model. The RNG-based turbulence model is
derived from the instantaneous Navier-Stokes equations, using a mathematical
technique called “renormalization group” (RNG) methods. The analytical derivation
results in a model with constants different from those in the standard k-¢ model, and

additional terms and functions in the transport equations for k and e.

3.5.2 Governing equations
The mass-and momentum-equations derived from the conservation principles

are given for the unsteady-state flow in the form of time-averaged variables.
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Fig. 3.3 The mass flux in and out of the fixed volume element through which a fluid

is flowing (U=vy, V=Vy, W=V;)
3.5.2.1 Continuity Equation

[/ 0 9o _
. +8X(pvx)+ay(pvy)+ (ov,)=0 (3.8)
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Fig. 3.4 The momentum flux in and out of the fixed volume element through which a
fluid is flowing

3.5.2.2 Momentum Equation
X-component:

9
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Y-component:
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3.5.2.3 Energy Equation
The total energy of a control volume consists of internal energy, kinetic

energy and potential energy.

a(gtE)W'(V(PE +p))= v.(keﬁw - i3, +(Fn .\7)J+sh (3.10)

3.5.2.4 Equation for turbulent Kinetic energy (k)

The fluid dynamics model used has been described in detail elsewhere. A
turbulence model is adopted here because of the high Reynolds number of the influent
fluid velocity (Re~2400-9100). The k-¢ turbulence model has two constituent
equations. Equations (3.11) and (3.12) for k and ¢, and the methods of calculating the
turbulent viscosity and model constants are as follows. The assumption of isotropic
turbulence is considered appropriate. The present turbulence model is the
renormalization group (RNG) k-g model, and its formulation is derived from strict
mathematical rules covering rotation or swirl in the mean flow. The RNG model in

FLUENT provides a tool to account for the effects of swirl or rotation by modifying

the turbulent viscosity appropriately.

0
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3.5.2.5 Equation for dissipation rate of turbulent kinetic energy (€)
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3.5.3 Porous media model for ceramic candle filter

The porous media model can be used for a wide variety of problems, including
flows through packed beds, filter papers, filter, flow distributors, and tube banks.
When this model is used, we have to define a cell zone in which the porous media

model is applied and the pressure drop in the flow is determined. The porous media
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model incorporates an empirically determined flow resistance in a region of model
defined as “porous”. By default FLUENT calculates the superficial velocity based on
volumetric flow rate. The superficial velocity in the governing equations can be

represented as

- -

V superficial = ¥ V physical (3.13)

The superficial velocity values within the porous region remain the same as
those outside of the porous region. This limits the accuracy of the porous model
where there should be an increase in velocity throughout the porous region. For more
accurate simulations of porous media flows, it becomes necessary to solve for the
true, or physical velocity throughout the flow field, rather than the superficial
velocity.

FLUENT calculates the flow through a porous medium with the input of
permeability and porosity of the porous medium and the thermal properties of the
solid and fluid. The porosity, fluid density, thermal conductivity and specific heat

were assumed to be constant throughout a simulation.

3.5.3.1 Continuity equation for flow through the porous medium

ole,p) o 0 0
)2 e L e S0 G20

3.5.3.2 Momentum equation for flow through the porous medium

oley i)
ot

+V-(6,p7)= ~& Vp+V-(¢,7)+2,B, —(ﬁ +%"|\7|J\7 (3.15)
(24

3.5.3.3 Energy equation for flow through the porous medium

2 (epE, +l-2, )0, E. )+ V- (7(o, E, +p))=v.(keﬁw_zhi;+(?.v>j+s¢

ot
(3.16)
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The effective thermal conductivity is computed as the volume average of the

fluid conductivity and the solid conductivity as follows.
K =,k +{L—e, ke (3.17)

The pressure drop across the porous medium is modeled by the addition of a
momentum source term to the standard fluid flow equations, equation (3.9). The
source term is composed of two parts:

1. A viscous loss term (Darcy, the first term on the right-hand side of Equation (3.18))
2. Aninertial loss term (the second term on the right-hand side of Equation (3.18))

I/ —(ﬁvi \ AV, j (3.18)
a 2

Si incorporates the additional pressure gradient in the porous medium. In
laminar flow through the porous medium, the pressure drop is typically proportional
to the velocity and the constant v in equation (3.18) can be considered to be zero.
Ignoring convective acceleration and diffusion, the porous media model then reduces

to Darcy's Law:

(3.19)
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3.6 Discretization

FLUENT uses a control-volume-based technique to convert the governing
equations to algebraic equations that can be solved numerically. This control volume
technique consists of integrating the governing equations about each control volume,
yielding discrete equations that conserve each quantity on a control-volume basis.

Triangular cell shown in Figure 3.5 is an example of such a control volume.
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YA

Figure 3.5 Control Volume Used to Illustrate Discretization of a Scalar Transport

Equation

Discretization of the governing equations can be illustrated most easily by
considering the steady-state conservation equation for transport of a scalar quantity ¢.
This is demonstrated by the following equation written in integral form for an

arbitrary control volume V as follows:

N faces N faces

> py Vi A=Y T,(Ve), A +SV (3.20)
f f

By default, FLUENT stores discrete values of the scalar ¢at the cell centers
(c0 and c1 in Figure 3.5. However, face values ¢ is required for the convection terms
in Equation (3.20) and must be interpolated from the cell center values. This is
accomplished using an upwind scheme. “Upwind” means that the face value ¢s is
derived from quantities inthe cell upstream, or upwind relative to the direction of the
normal velocity vy, in Equation (3.20). In FLUENT, several upwind schemes can be

chosen: first-order upwind, second-order upwind, power law, and QUICK.

3.7 Under-relaxation factor

During the iterative solution of an algebraic equation or in the overall
iterative scheme employed for handling nonlinearity, it is often desirable to speed up
or to slow down the estimated changes, from iteration to iteration, in the values of the
dependent variables. This process is called under-relaxation. Under-relaxation is a
very useful device for nonlinear problems. It is often employed to avoid divergence in

the iterative solution of strongly nonlinear equations. There are numerous ways of
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introducing under-relaxation. Because of the nonlinearity of the equation set being
solved by FLUENT, it is necessary to control the change of a dependent variable ¢.
This is typically achieved by under-relaxation, which reduces the change of ¢
produced during each iteration. In a simple form, the new value of the variable ¢
within a cell depends upon the old value, ¢oi4, the computed change in ¢, A¢, and the

under-relaxation factor (o) as follows
P = Pog +OAP (3.21)

Here, O<a<1

Several iterations of the solution loop shown in Fig.10 must be performed
before a converged solution is obtained. The iteration is continued until the

convergence criteria are satisfied.

I Update properties

Solve momentum equations

Solve pressure-correction(continuity)equation.
Update pressure, face mass flow rate

Solve energy, species, turbulence and
other scalar equation

Converged?

Fig. 3.6 Overview of the segregated solution method

Occasionally, you may want to make changes in the under-relaxation factors
and resume your calculation, only to find that the residuals begin to increase. This
often results from increasing the under-relaxation factors too much. A cautious
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approach is to save a data file before making any changes to the under-relaxation
factors, and to give the solution algorithm a few iterations to adjust to the new
parameters. Typically, an increase in the under-relaxation factors brings about a slight
increase in the residuals, but these increases usually disappear as the solution
progresses. If the residuals jump by a few orders of magnitude, you should consider

halting the calculation and returning to the last good data file saved.



CHAPTER IV

MODELING AND SIMULATION

Ideally the developed model of a high-temperature ceramic filter should be
able to predict microscopically the dust cake formation, which directly determines the
aerosol collection process and the corresponding pressure drop characteristics.
However, the stochastic particle-by-particle cake formation process is infeasible to
simulate when the actual aerosol is not only non-spherical but also irregular in shape
and polydisperse in size. Moreover, the cohesive and adhesive properties of the
aerosol particles at high temperature are still not well understood. Therefore the
present work will rely on the air flow field to estimate the corresponding thickness of
dust cake on the surface of the candle filter, and their effects on the pressure drop.

Once the specification of the flow problem is known, we can turn our
attention to build a computer model. Thus, we will build a mesh of points throughout
the flow domain and perhaps produce the necessary volumes or elements. Often it is
this phase of the analysis process that determines the total time required to obtain
results from a simulation, as all the other phases, including the actual computation of

the results, can be carried out quite quickly.

4.1 Description of experimental set-up
4.1.1 Filtration rig

Fig. 4.1 illustrates a twin candle filtration unit used for the high temperature
gas cleaning by HPTRI, the data of which are-used to validate the simulation results
given by FLUENT software. The filtration unit consists of two identical porous
ceramic candle filter which can withstand up to 400°C in the vessel shown in Fig. 4.2,
dust feeder which has the twin screw for preventing the agglomeration of testing dust,

pulse jet system and high temperature gas supply unit.
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Fig. 4.1 Schematic diagram of the experimental setup by HPTRI.

Fig. 4.2 Photo of ceramic candle filter using in experimental set-up

The specifications of the ceramic candle filter made of ceramic fibers and

SiO, matrix is illustrated in Table 4.1.
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Table 4.1 Specifications of the ceramic candle filter

Outside diameter (mm) 120
Inside diameter (mm) 90
Length of cylindrical portion (mm) 930
Total length (mm) 1000
Filtration area (m?) 0.38
Wall thickness (mm) 15
Porosity 0.85
Density (kg/m®) 250

The dust material used were fly ash (JIS No. 10) which had a spherical shape
as shown in Fig. 4.3 and carbon black which seem to be agglomerate with others was

shown in Fig. 4.4.

16-Jan-04 S3500N WD 4. 6mm 20.0kV x10k ~ Sum

Fig. 4.3 SEM image of testing dust (Fly ash JIS10)
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Fig. 4.4 SEM image of testing dust (Carbon black JIS12)

4.1.2 Measurement of average pressure difference

The simulation results in this work are based upon the pressure drop
measurements across a candle filter obtained by HPTRI on a data logger at the fixed
interval of 20 seconds. In all experimental runs, the total influent flow rate was kept
constant while the pressure drop was allowed to vary. Since the experimental data on
AP consist of a huge quantity of cyclical data as shown in Fig. 4.5, we decided to use
the average cyclical values to represent the typical data for one cycle as shown in APa
of Fig. 4.6.
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Fig. 4.5 Example of experimental AP across filter candle A (Fly ash JIS No.10,
average air temperature 543 K, air flow volume 0.38 m®min, feed dust

concentration 5 kg/m®, pulse interval 120 seconds)

1850 ) I
—o— Filter A l

1800 1™ Filter B
—&— Average

Pressure drop (Pa)

(e o N SR =N
o o N N
o 0o o O
o o o o

1550 A

1500

0 20 40 60 80 100 120
Cyclic time (s)

Fig. 4.6 Measured values of AP, estimated values of APgand overall AP,
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To prevent excessive buildup of AP, compressed air was reversely injected
into candle filter A at every 120-second interval to remove the cake layer on its
outer surface. The same pulsing frequency was carried out on filter B. The solid and
dashed arrows indicate the timings when candle filters A and B, respectively, were
pulse-cleaned cyclically. The dash lines indicate the expected changes in the
pressure drops upon pulse cleanings if the pressure recordings could be made
continuously. Though APg was not measured, it is reasonable to assume that,
because of the system’s symmetrical configuration, APg should have the same time
pattern as AP except for a time shift of 60 seconds. In general, the whole pressure
drop and the pressure drops of all candle filters should be the same if the pressure
drops in the manifold and those caused by changes in the flow direction etc. are
neglected. During pulse cleaning only the candle filter being cleaned should show a

different pressure drop unless some interactive effect exists.
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Fig. 4.7 Cross section of filtration unit and positions of pressure drop measurements
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According to Fig. 4.6, the downstream space of filter A was common to
filter B but the relative locations of the two upstream pressure tap ports of both
filters were either intercepted by or hidden behind the twin candles. Not only ports
A2 and B2 were located too high but our detailed simulation results also do reveal
that the local normal face velocities are not uniformly distributed over the entire
candle length even when the candle wall resistances are taken to be uniform. These
are the reasons why the measured time patterns of AP, and APgin Fig. 4.6 did not
neatly coincide. As a practical compromise to reduce the observed discrepancy, the
correct pressure drops for either candle filter as well as the whole unit were taken to
be the average of AP and APg in Fig. 4.6. As a result, AP, in Fig. 4.6 represents
the cyclic pattern of the whole pressure drop over a period of 60 s. Next we
consider the instantaneous effect of pulse cleaning of candle filter B, during which
AP,y should drop precipitously at 40 s cyclic time. Since there were not enough data
points to indicate how quick or deep the instantaneous drops should be, it was
decided to make use of simple linear interpolation between the available data points
in Fig. 4.6.

4.2 Meshing

In this section, we will discuss the reasons for building a mesh, the
requirements that a mesh must satisfy if it is to give satisfactory solutions and the
types of mesh that can be built. Then we will discuss how a mesh can be built by
using a software tools. Finally, we will look at ways in which a mesh can be modified
in the light of the results of a flow simulation such that better results are achieved.
The simulation results will be validated using the experimental data obtained by
HPTRI (Hosokawa Powder Technology Research Institute). The description of the

experimental set-up is explained in the following section.

4.2.1 The need for mesh

There are various ways of discretization the governing partial differential
equations of fluid flow so that numerical equations were produced. The mesh of
points has to be produced within the volume of the fluid. This can be considered as

the discretization of the space in which the flow takes place. The points are arranged
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so that they can be grouped into a set of volumes and the partial differential equations
can be solved by equating various flux terms through the faces of the volumes. Every
flow problem will contain a wide variety of flow features in the domain. That is,
things such as boundary layers, regions of rapid fluid velocity and pressure change,
and all of these need to be modeled by the CFD simulation. If we have a mesh that is
capable of modeling these features, where the gradients in space of the flow variables
are high, then we must be aware of where these features might occur. This shows the

importance of the mesh that we developed for the specification of the system.

——  Exact solution
—-=--_Fine mesh of points
------- Corse mesh of points

Fig. 4.8 Effect of mesh density

In the critical regions we need to have a large number of points within the
mesh. We saw that all the numerical methods assume that the flow variables vary in
some simple way between the points or within an element or volume. Consequently,
if the flow varies rapidly in space that are the critical regions of the flow, a fine grid
will be needed to describe the variation accurately. We can see this clearly in Fig. 4.8
where a one-dimensional variation in a variable Y is assumed to occur in the X-
direction. Assume that some numerical method has given us a set of values for Y

which is exact at a number of points in the x-direction. This will never happen in
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practice but it is the best that a numerical method can do. If we take the numerical
prediction of Y to be the straight lines between these points, then several sources of
error in the variation can be seen. First, if the values are obtained at only a few points,
which we will call a coarse mesh, then the solution is not an accurate representation of
the variation. If we know the values of Y at more points, that is on a finer mesh, then
we can see that numerical description of the variation is much more accurate. This is
extremely important as we must have accurate values of the variables and their
derivatives if we are to simulate the governing equations accurately.

As the conclusion from the previous section, the mesh must be very fine in
the critical regions. Along the surface of ceramic candle filter there will be a boundary
layer and so there must be several points close to the filter surface in a direction
normal to the surface. This allows the numerical solution to model the rapid variation

in velocity through the boundary layer.

4.2.2 Building mesh

A mesh must be suitable for the discretization technique and also for the flow
in the system. The following are the basic parts from which meshes are built:
1. Points, sometimes called nodes
2. Volumes, also known as cells in some documentation
3. Elements

Various mesh structures which are made up of these parts can be built and
have a difference in distinctiveness. Due to the complicated structure of our system,
the suitable mesh structure is tetrahedron as shown in Fig. 4.9.

Fig. 4.9 The tetrahedron shape of mesh structure



35

A CFD package called FLUENT in combination with GAMBIT is used to
model and simulate the flow field inside the filtration unit as well as the local gas flow
through the wall of each ceramic candle filter. Based on the experimental pressure
drop data, the viscous resistance of flow through the filter medium is estimated as a
function of cyclic time. The employed 3-dimensional (3D) computational grids for
gas flow in the twin-candle filtration unit are shown in Fig. 4.10, 4.11 and 4.12. The
total number of cells for the calculation is 413,490. In addition, a single-candle model

is also employed for comparison and its 3D computational grid is shown in Fig. 4.13.

-0.5

Fig. 4.10 Illustration of the employed computational grid in the twin-candle system
feeding from the bottom position
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Fig. 4.11 [Illustration of the employed computational grid in the twin-candle system

feeding from the top position

E:Ed 2

Fig. 4.12 [Illustration of the employed computational grid in the twin-candle system

feeding from the tangential position
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g

Fig. 4.13 lllustration of the employed computational grid in the single-candle system

feeding from the bottom position

4.2.3 Modifying mesh for better solution

Once a mesh has been built, it is possible to modify it to make the better CFD
solution on the modified mesh. This modification will take place before a solution of
the flow problem is solved. Some CFD preprocessing program, such as GAMBIT, can
employ this task. This can reduce the computing effort required to produce a solution
and increase the accuracy. of the solution. The topology of the mesh stays the same but
the mesh points are moved so that the density of points increases where required as
shown. in Fig.-4.14. By using this technique the accuracy of the solution can be
increased, but there is a penalty in that extra computational effort is required.
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Fig. 4.14 Modifying mesh using for calculation

4.3 Defining model parameters
4.3.1 Fluid properties

The parameters required for inputting in the part of fluid are density,

viscosity, specific heat capacity and thermal conductivity as shown in Fig. 4.15.

Materials

Mame Material Type

Order Materials By
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Chemical Formula Fluid Materials
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Change/Create | Delete | Close

Fig. 4.15 The parameters required for fluid specification



4.3.2 Ceramic candle filter properties
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The parameters required for inputting in the part of ceramic candle filter are

density, specific heat capacity, thermal conductivity, porosity and viscous resistance

as shown in Fig. 4.16 and 4.17.
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Change.l'Crt:atej Delete l Help J

Fig. 4.16 The properties of ceramic candle filter
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Fig. 4.17 The characteristic of ceramic candle filter

4.3.3 Boundary condition

The parameters required for inputting in the boundary condition are velocity
specification method, reference frame, velocity magnitude, temperature, turbulence
specification method, turbulence kinetic energy (k) and turbulence dissipation rate (g)

as shown in Fig. 4.18.
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Yelocity Inlet @

Zone Name
|uelucity_inlet.1

Velocity Specification Method |jagnitude, Normal to Boundary

Reference Frame |ghsolute j

Velocity Magnitude [cm/s] (488 6459 constant v_
Temperature [k] 543 .84 constant v

Turbulence Specification Method |K and Epsilon —:J
Turb. Kinetic Energy [m2{s2] |g_ggosy1 constant -
Turb. Dissipation Hate [m2{s3] 12.12611? constant j

0K J Canct:l] Ht:lpl

Fig. 4.18 The velocity inlet boundary condition

4.4 Model assumptions

4.4.1 Assumptions for ceramic candle filter

1 Both ceramic filter candles have uniform porosity with the same average pore

diameter

2. All dust particles have spherical shapes and are monodisperse in size.

3. The spatial distribution of the captured particles is completely random on the candle
surface.

4. The porous properties of the candle wall are isotropic.

5. The thermophysical properties-of the fluid and-the porous-medium itself remain

constant during filtration.

4.4.2 Assumptions for fluid flow behavior

1. Though the experimental filtration unit was operated by HPTRI in a constant flow
mode, the local filtration face velocity was affected by the corresponding local
cake thickness (the local total flow resistance).

2. No-slip wall condition is applicable.
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3. The gas is incompressible.
4. The filtration face velocity is dependent on the thickness of the deposited dust cake

and the total flow resistance.

4.5 Procedure of simulation

A 3-dimensional (3D) computational grid is used to calculate the gas flow in
the twin-candle filtration unit. The geometry of the computational grid including the
twin-candle and single-candle system with various inlet positions as shown in Fig.
4.10, 4.11, 4.12 and 4.13. An inlet gas velocity of interest is selected, and the RNG
based k—¢ turbulence model of FLUENT is used in the computation. The turbulence
model is derived from the instantaneous Navier-Stokes equation, using a
mathematical technique called the “renormalization group” (RNG) method. Problem

solving steps of GAMBIT and FLUENT softwares are as following.\

1. Create the 3D model geometry and computational grid with the aid of GAMBIT.
2. Initiate the appropriate FLUENT solver for 3D modeling.
3. Import the grid obtained in Step 1 into FLUENT.
4. Check the grid conditions.
5. Select the solver formulation.
6. Choose the suitable basic equations to be solved:
- Laminar or turbulent, chemical species and accompanying reaction, heat transfer
model, etc.
- Select the additional model needed: in this case candle’s wall is porous media.
8. Specify the boundary conditions of the candle.
9. Adjust the FLUENT solution control parameters.
10. Initialize the flow field.
11. Numerically integrate the model equations to obtain a solution.
12. Examine the results.
13. Save the results.
14. If necessary, refine the computational grid or consider a change of the numerical

or physical model.
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45.1 Virgin filters with clean air

For virgin candle filters, it is assumed that the whole candle wall has uniform
viscous resistance. Then, we find the correct viscous resistance of the virgin ceramic
candles (wall) using the experimental pressure drop data (twin candle filters) obtained
by HPTRI. We also construct a correlation between the viscous resistance and
pressure drop with the flow rate being fixed. By the way, the flow resistance is
defined here as the product between the viscous resistance and the thickness of the
ceramic candle. The procedure of calculation of the resistance of the virgin filter is

shown in Fig. 4.19.

Guess R, from the experimental

A 4

pressure drop

Get R,

End

Fig. 4.19 The procedure of calculation of the flow resistance of the virgin ceramic

candle filter

Based on the experimental pressure drop for the ‘system, we carry out
iterations to estimate the viscous resistance of the filter. After we get the correct
viscous resistance (from FLUENT code), we use it to calculate the flow resistance of
the filter.

4.5.2 Loaded filter (cyclic operation)
In our preliminary study, we assume uniform local cake deposition on the

entire surface of each individual filter but allow for difference in cake deposition
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between the two candle filters in order to find out how the flow field changes over
time. This approach implies uniform changes in flow resistance during pulsed
cleaning and cake deposition. Using the experimental pressure drop measured at 20-
second intervals, we proceed to estimate the average rate of cake formation or average
change in the flow resistance of each candle filter during each time interval. One
interesting phenomenon not seen in the single candle filter systems is the unforeseen
cleaning effect on an adjacent filter due to the pulsed cleaning of the other filter.

The purpose of the present study is to predict the cake formation behavior on
the surface of each candle filter. For the filter system of interest, we separate the 2
candles to calculate the spatial distribution of dust loading. First, each ceramic candle
was divided into 8 layers, which were further subdivided to 4 equal elements per layer
as shown in Figs. 4.20 and 4.21. In order to investigate the non-uniformity of dust
deposition on the surface of each candle due to the difference in the volumetric flow
rate of air passing through each element of candle filter, this approach allows us to
predict the dust cake formation by using the experimental AP obtained by HPTRI. For
the case of non-uniform cake deposition, some of the simulation results will be

presented as the distribution of velocity through each element.
ﬁ 1 2 1
\

Left side Right side

Fig. 4.20 The filter sub-divided into 4 quadrants for each of the 8 layers
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4.22. 'I:iﬁe surface area of each element is listed in Table 4.2.



Fig. 4.22 The shape of each element used for the calculation

Table. 4.2 Surface area of each element

Z position (mm)

Average simulation area (sz)

0-930
930-950
950-970
970-990

175.15
18.77
18.8
18.67
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When we adopt the algorithm shown in Fig. 4.23a, 4.23b and 4.23c, we will

get the estimate of the flow resistance of each filter element at each cyclic time.
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(a) Estimate property (flow resistance) of candle wall of virgin filter
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End

(b) Estimate property (flow resistance) of candle wall of used filter under cyclic
operation; including permanent flow resistance due to.embedded particles.
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(c) Estimate changes in flow resistance, gas through-flow, cake thickness, etc. of

each candle wall element during cyclic operation.

Fig. 4.23 The algorithm used for the calculation of the flow resistance of the filtration

cake at each time interval



CHAPTER V

RESULTS AND DISCUSSION

It should be noted that, in all of the present experiments and corresponding
simulations, the flow rate of the influent gas stream was always kept constant by
automatically adjusting the inlet pressure (or the total pressure drop of the unit). In
this research, we first used the experimental pressure drop data at room temperature
condition (0.38 m*/min, 287 K, Fly ash JIS10 5 g/m®) to create the CFD model since
it was simple and practical for doing the experiment. Next, the CFD model was used
for predicting the pressure drop behavior of the filtration system at high temperature
condition (0.57 m®min, 574 K, 5 g/m® of Fly ash JIS10). The simulation results are
classified into two main groups as follows: virgin candle filters with clean air, and

cyclic operation with dust-laden air.

5.1 Validation of virgin filter with clean air
Since the filters were brand-new and only clean air was used, it was
reasonable to assume that the gas flow rate through the candle filter on the left was

always equal to that on the right in the case of the twin ceramic candles.

5.1.1 Viscous resistance of candle filter

First we characterized the porous wall property of the virgin filter candles by
estimating the value of ‘their viscous or flow resistance that would yield the same
pressure drop as the experimental value in the case of clean air flow through the filter.
For simplicity we assumed that the twin-filter candles had identical characteristics. It
was subsequently found that the tested viscous resistance of the virgin candle wall

should be 6.05x10™ m™ when the total gas flow rate is 0.38 m*/min.

5.1.1.1 Effect of influent gas flow rate

To understand the relationship between the viscous resistance of the candle
filter and the calculated pressure drop, we next carried out additional simulations for
the case of constant gas flow rate (0.38 and 0.57 m*/min) at 287 K. Fig. 5.1 illustrates
the effect of the influent gas flow rate at 287 K (14 °C). Logically the flow rate
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significantly affected the pressure drop. The higher the gas flow rate, the higher the
predicted pressure drop. For example, when the flow rate was increased by 50 %, the

pressure drop was found to also increase by roughly 50 %.

400

—e—0.38 m’/min, 287 K
350

—=— 0.57 m’/min, 287 K
300
250
200 B

Pressure drop (Pa)

150 '//‘/

100 A

50 |

0 ‘ . ‘
5.0E+10 5.5E+10 6.0E+10 6.5E+10 7.0E+10

2 4 -2
Viscous resistance (m ")

Figure 5.1 The effect of the flow rate on the relation between the viscous resistance

of the candle wall and the pressure drop

5.1.1.2 Effect of elevated gas temperature

Similarly, we investigated the effect of elevated gas temperature at 430 K on
the relationship between the viscous resistance and the calculated pressure drop. Fig.
5.2 also shows the effect of elevated gas temperature for the same influent flow rate of
0.38 m*/min.-It is-obvious that, as the temperature-of the system increased, the
pressure drop followed suit because of the higher gas viscosity and face velocity.
When-the absolute temperature was increased by 50 %, the pressure drop was found

to increase by 36 %.
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Figure 5.2 The effect of the temperature on the relation between the viscous
resistance of the candle wall and the pressure drop

From the above results, it may be concluded that the gas flow rate has a more
significant effect than the gas temperature. From the experiment, the pressure drop of
clean air through the virgin filter was 160 Pascal at 287 K, 0.38 m*/min. Next, the
room-temperature CFD model was used to predict the initial pressure drop at high
temperature conditions (0.57 m*/min, 574 K, 5 g/m® Fly ash J1S10). It was found that
the predicted pressure drop from simulation was over-predicted by about 20 %. The
correct viscous resistance of the filter at 574 K must be equal to 5.04x10™ m? ,which
is less than the room-temperature value by about 17 % to-keep the pressure drop equal

to the experimental data.

5.1.2 Spatial distribution of local face velocity

Originally it was thought that the local face velocity (normal velocity) of the
gas flowing through each part of the candle wall should be essentially identical if the
filter candles are identical and clean, and only clean air is used. Our CFD simulation
results, however, indicated that significant deviation in the local face velocity could
and did happen in the case of our twin candle filter unit.

In order to obtain the spatial distribution of steady gas flow through each

small portion of the twin candle filters, and in the case of cyclic operation using dust
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laden air, the flow deviation with cycle time between the twin filter candles, we
divided the wall of each filter candle into 32 small pieces or elements and obtained
the “local” normal flow rate and “local” normal mass or volume flux through each
element by CFD simulation.

Subsequently, we interpreted the successive simulation results against cyclic
time in different terms such as the local flow resistance, the local velocity distribution,

and the corresponding local cake thickness.

0.90
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-1116 -930 -744 -558 -372 -186 O
Height of candle filter (mm)
Figure 5.3 Calculated deviations of local normal face velocity at each height and

each quadrant of the twin virgin candles

Fig. 5.3 shows the deviations of the calculated face velocity of clean air
through the virgin candle filters in the case of clean steady gas flow. It was found that
the local face velocity through each quadrant of the virgin filter was essentially the
same-as long as the quadrants are at the same candle height. At the top section of
either candle, the normal face velocity was always highest and it decreased along the
lowered height. Since the upward gas velocity outside the twin candles was much
lower than its velocity inside the candles, the pressure drop in the former case was
lower than the latter when the gas had to travel the same distance on either side. In
reality, the pressure drops must be the same, so the local face velocity became
significantly different. Unexpectedly, the normal face velocity through the spherical

cap (z=-930, -950 and -970 mm) decreased remarkably supposedly because of the
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enlarged curvaceous surface area. As summarized in Table 5.1, the values of the local
normal face velocity may be classified into 4 zones. The maximum velocity was 7.3
% above the average velocity. On the other hand, the minimum velocity was 9.8 %

below the average value.

Table 5.1 Zones of normal face velocity distribution along z-position of the candle

Zone Upper height (mm) Average velocity (cm/s)  Remark

1 0 0.88 Top end

2 -186, -372, -558, -744 0.85 Cylindrical portion

3 -930 0.76 Base of spherical cap

4 -950, -970 0.74 Curved portion of spherical cap

Fig. 5.4 shows the velocity distributions of the single-candle and twin-candle
systems for the cases when the total gas flow was equal. In the figure, the normal face
velocity on the filter surface of the single-candle system was double that of the twin-
candle system as the influent gas flow was kept constant. The significantly different
trends around the caps of the candles may be attributed to the fact that not only the
face velocities are different but also the relative location of the inlet pipe with respect
to the candles was different. The pipe was pointed at the bottom of the single candle

but midway between the twin candles.
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Figure 5.4 Calculated deviations of local normal face velocity at each height and

each quadrant of the single and twin virgin candles

5.2 Validation of model for cyclic operation (dust-laden air, pulsed cleaning)
As the system was operated under a cyclic operation, it was suitable to make
a preliminary investigation of the flow characteristics by the use of the uniform cake

assumptions.

5.2.1 Viscous resistance and cake thickness formed uniformly on the surface of
each candle filter

When-we-compared-the pressure -drops. from: the experiment(0.38 m*/min,

287 K, Fly ash JIS10 5 g/m®) and the simulation, we found the relative error from the

simulation was less than 0.1 percent as shown in Fig. 5.5. The solid and dashed

arrows indicate the instant at which the right and left candles are pulsed with

compressed air, respectively.



55

1400
1380
1360 A
1340
1320
1300 -
1280 A
1260 A
1240 A
1220
1200

& BExeriment

—— Simulation

Pressure drop (Pa)

L <

0 20 40 60 80 100 120
Cyclic time (s)

Figure 5.5 Comparison of the calculated and experimental pressure drops

From the pressure drops in Fig. 5.5, the corresponding viscous resistances
could be estimated for each filter candle and the combined total as shown in Fig. 5.6.

As expected, the trend of the total viscous resistance was similar to the pressure drop.
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Figure 5.6 The estimated viscous resistances of individual candle filters and the

combined total at each cyclic time step
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5.2.1.1 Face velocity distribution

The plot of the normal face velocity (averaged over an entire candle) at each
time step was shown in Fig. 5.7. The slope of the individual candle curves would be
reversed when the pulse-jet system was actuated. Just after filter B was cleaned, the
observed big drop in face velocity on filter A may be attributed to the fact that a
smaller fraction of the constant influent flow would now go through filter A, once
filter B became clean. This phenomenon would not be found if there was no
interactive effect between both filters. A similar side-effect phenomenon was

observed on filter B just after filter A was pulse-cleaned.
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o
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o

0.84 1

0.82 -
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Figure 5.7 The calculated normal face velocity at each cyclic time

From the experimental data, the combined average face velocity for both
candles was 0.833 cm/s. Meanwhile the combined average velocity from the
simulation was found to be 0.832 cm/s. Therefore, it may be concluded that the
present CFD model was suitable for the analysis and prediction of high-temperature

gas flow inside a twin-candle filtration unit during cyclic operation.

5.2.1.2 Relative change in cake thickness
As an illustration, we see from the slope of the curve in Fig. 5.8 that the rate

of increment of cake thickness on filter A and filter B was essentially equal if we
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assumed uniform cake deposition on the whole surface of each candle. Since filter A
was relatively cleaner than filter B at the beginning of a cycle, Figs 5.6 and 5.7
indicated that slightly more dirty gas flow should be channeled through filter A than
filter B. So it should subsequently cause more rapid formation of dust cake on filter
A. As a result, the flow resistance of and cake thickness on filter A should have
increased more rapidly than filter B. However, this phenomenon was not observed in
Figs. 5.6-5.8. This means that the assumption of uniform cake deposition on the
whole surface of each candle was not realistic. In fact it would be shown that the local

normal face velocity on each candle was not equal or uniformly distributed.

X —e— Filter A

—m— Filter B

Relative change in cake thickness (%6)

0 20 40 60 80 100 120
Cyclic time (s)

Figure 5.8 Relative change in cake thickness occurring at each cyclic time

5.2.2-Non-uniform cake formation on each candle filter

To prove the effect of non-uniform gas flow through each part of a candle
filter, we divided the candle wall into 32 small pieces of elements. Using a short time
interval of, say, 5 seconds, we calculated “local” cake build-up and gas flow rate
through each wall element. It was assumed that the cake thickness and flow resistance
remained essentially constant during this short time interval. The objective was to

investigate the local filtration phenomenon as a function of time.
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Fig. 5.9 shows the trend of the calculated pressure drops in the system which
agreed very well with the experimental data. In fact the resulting pressure drop
difference between the experimental and calculated ones was found to be less than 0.1
%.
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Figure 5.9 The calculated pressure drop compared with the experimental value at

each cyclic time

Along with the calculated pressure drop in Fig. 5.9, the corresponding viscous
resistance of each element on filter A and filter B-was estimated as shown in Fig. 5.10
and Fig. 5.11. The local face velocity distribution on filter A and filter B is shown in
Fig. 5.13. The time dependency of the local viscous resistance was the reverse of that
of the local face velocity. Since fine dust particles were expected to disperse
uniformly in the influent gas stream, a high face velocity through a wall element
tended to lead to a proportionally greater amount of local dust deposition and the

resulting local viscous resistance would proportionally be higher.
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Fig. 5.10 The local viscous resistance of the candle filter A at each height as a

function of cyclic time
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By the way, we used the room-temperature CFD model to predict the
behavior of the system at high temperature conditions (0.57 m*min, 573 K, 5g/m® of
Fly ash JIS10) and found that the relative error is over about +20 % as shown in Fig
5.12. Next, we used another set of experimental data at a different high temperature
(270 K) to create a new CFD model and re-estimated. We found that the relative error
was decreased to 2 %. Thus, we can conclude that a big difference in the temperature

did cause a significant error in the CFD predictions.

3400

3200

3000 Experimental data at 574 K
—4— Prediction with cake properties at 287 K

—#— Prediction with cake properties at 544 K

Pressure drop (Pa)

0 20 40 60 80 100 120
Cyclic time (s)

Fig. 5.12 The experimental pressure drop compared with the simulation results

5.2.2.1 Face velocity distribution
Fig. 5.13 shows the local face velocity distribution through each quadrant at

the top end of the candle filters as a function of cyclic time.
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Fig. 5.13 Distribution of local fluid velocity normal to the candle’s surface at the top
end position as a function of cyclic time

According to figure 5.13, we can conclude that the local face velocity
distribution was insignificantly affected by the position of the quadrant of the candle
filter. In brief, the trend of the local velocity through the left candle was the reverse of
that through the right candle. In other words, when the candle filter on the right was
cleaned by compressed air, the local velocity through the left candle would be
decreased immediately because the left candle also became comparatively dirtier,
thereby causing more gas to flow through the cleaner right candle. After that, the local
velocity through the left filter would increase slowly because the rate of cake
deposition on-the right candle was faster than that-on the left.-As-a result, the local
face velocity through the cleaned right candle filter would increase remarkably before
it gradually decreased after that.

Obviously, as the resulting face velocity through the left candle increased
gradually after it is cleaned, the corresponding local face velocity through the right
was decreased by the same amount. This phenomenon occurred to balance the
volumetric flow rate between the left and right candles because the unit is operated

under constant influent flow rate.
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Fig. 5.15 Distribution of local fluid velocity normal to the candle’s surface at z = -

950mm as a function of cyclic time

Figs. 5.14 — 5.16 show the trend of the local face velocity as a function of

cyclic time. The local face velocity through the right candle increased gradually until
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the filter on the left is cleaned; at that instant the face velocity through the right candle

decreased abruptly because a higher flow rate tended to go through the cleaner filter.
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Fig. 5.16 Distribution of local fluid velocity normal to the candle’s surface at z=-970
mm as a function of cyclic time

Fig. 5.17 and Fig. 5.18 show the average local face velocity at each height as
a function of cyclic time on the left and right candles. It can clearly be seen that the

local face velocities can be classified into 4 groups or zones along the candle height.
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Fig. 5.17 Local fluid velocity through the first quadrant of the left candle at various

heights (z) as a function of cyclic time
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To aid the understanding, the effect of the candle height on the local face
velocity at cyclic time zero is summarized in Fig. 5.19 which shows the average local
face velocity distribution as a function of the candle height. In Zone 2, there was not
much difference in face velocity among the 4 layers. It Zone 3 and Zone4, the face

velocity obviously dropped further from Zone 2.
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Fig. 5.19 Schematic of the local face velocity distribution along z-position at time = 0
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Fig. 5.20 Relative change in the velocity of the right candle before and after the right
candle filter is pulsed as a function of height

Fig. 5.20 shows the relative change in the local face velocity along z-
direction. In Fig. 5.20, layer no. 6 represents the edge between the lower end of the
cylindrical portion of the candle and the hemi-spherical cap. Layers no. 7 and 8
belong to the hemi-spherical cap. Obviously, the pulsed air into the right candle
cleaned the cylindrical wall region better than the cap region. In addition, the pulsed
air didn’t affect the left candle as shown in Fig. 5.21. It should be pointed out that this

interesting observation has not been obtained via simulation before.
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Fig. 5.21 Relative change in the velocity of the left candle before and after the right

candle filter is pulsed as a function of height

5.2.2.2 Specific cake resistance

As shown in Fig. 5.22 and Fig. 5.23, we found that at time = 0 (after the left
candle was pulsed), the temporary specific cake resistance of the left candle gradually
increased while that of the right candle decreased. This phenomenon is caused by the
changing fraction of air flow between the two candles after one candle was pulsed, so

it caused change in dust cake permeability.
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5.2.2.3 Relative change in cake thickness
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Generally, gas flow through the newly formed cake over the surface of a

candle generates an aerodynamic drag force that increases the compression on the thin
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layers close to the candle surface, thereby slightly reducing their thickness and
permeability. For simplicity, however, we hereby assume that all dust cake layers are
incompressible and have uniform cake property. The rise of the pressure drop as a
function of the cyclic time was determined, assuming that the local fluid face velocity
remains essentially constant during a short time interval. In addition, we assumed that
the fine dust particles are uniformly dispersed in the influent gas stream. Furthermore,
due to the penetration of the fine dust particles, there are some particles embedded on
the filter surface that cannot be removed by the pulse-jet system. We call this layer as
“permanent cake”. Particles in the influent gas would be distributed along the local
gas flow through the filter surface to form different dust cake thicknesses. So we can
directly estimate the local rate of cake formation by considering the local face
velocity obtained by simulation. To highlight the small changes in the cake thickness,
the time dependency is shown in terms of the relative change in thickness compared
to the permanent thickness.
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Fig. 5.24 Relative change in accumulated cake thickness on quadrant 2 of the left
candle
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Fig. 5.25 Relative change in accumulated cake thickness on quadrant 1 of the right
candle

Dust particles came in with the influent gas stream so the main factor which
determined the rate of cake formation was the local face velocity. We can see in Fig.
5.24 and Fig. 5.25 that the relative changes in cake thickness can be divided into 4
zones as in the case of the local face velocity distribution. So the maximum cake
thickness was built up at the top end of the candle filter and decreases as a function of
the height until it reached-a minimum cake thickness at the end of the hemi-spherical
cap.
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Fig. 5.26 Relative changes in accumulated cake thickness at the top ends of the
candle filters
As we can see in Fig. 5.26, the position of each quadrant at the same height of

the same candle filter does not significantly affect the cake thickness.

5.3 Effect of elevated gas temperature

In this section, we used the new CFD model created from the experimental
data at one high temperature (0.38 m*/min, 544 K, 5 g/m® of Fly ash JIS10) to
estimate the behavior of the system at other high temperature conditions. The higher
the temperature, the higher the predicted pressure drop became. For example, when
the temperature was increased by 50 %, the pressure drop was found to increase by
roughly 30 % as shown in Fig. 5.27. The phenomenon was caused by the increased
viscosity of air by about 30 % due to the rise of gas temperature. This relationship
conformed to equation (3.1) in which pressure drop was directly proportionally to the
viscosity of air when the specific resistance of filter and dust cake, filtration velocity

and dust concentration were kept to be constant.
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Fig. 5.27 The effect of temperature on pressure drop as a function of time

5.4 Effect of influent gas flow rate at high temperature

As mentioned in the previous section, we will use a new CFD model created
from the experimental data at high temperature (0.38 m*/min, 544 K, 5 g/m® of Fly
ash JIS10) to estimate the behavior of the system at other high temperature conditions.
The higher the gas flow rate, the higher the predicted pressure drop. For example,
when the flow rate was increased by 50 %, the pressure drop was found to increase by
roughly 50 % as shown in Fig. 5.28. The phenomenon was caused by the increased
gas velocity flowing through the porous medium that increased the flow resistance
and the possible compression of dust cake layer. This relationship was consistent with
equation(3.2), in-which the pressure drop was directly proportional to the volumetric
gas flow rate when the specific resistance of filter and dust cake, viscosity of air, dust

concentration and filtration area were kept constant.
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Fig. 5.28 The effect of flow rate on pressure drop at high temperature condition
(544 K)

5.5 Effect of dust concentration at high temperature

In this section, we would use the new CFD model created from the
experimental data at high temperature (0.38 m*/min, 544 K, 5 g/m® of Fly ash JIS10)
to estimate the behavior of the system at other high temperature conditions. The
higher the dust concentration, the higher the predicted pressure drop. For example,
when the dust concentration was increased by 50 %, the pressure drop was found to
increase by roughly 5 % as shown in Fig. 5.22. As indicated by the results shown in
Fig. 5.22, the specific resistance of the clean filter was 350% more than that of the
dust cake. Consequently, a small alteration of dust concentration didn’t show a

significant short-term effect on the pressure drop of the filtration system.
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Fig. 5.29 The effect of dust concentration on pressure drop at high temperature
condition (544 K)

5.6 Effect of gas inlet location at high temperature

In this section, we also used the new CFD model created from the
experimental data at one high temperature (0.38 m*min, 544 K, 5 g/m® of Fly ash
JIS10) to estimate the behavior of the system at other high temperature conditions.
From Fig. 5.30, we found that the inlet gas location was not a significant parameter
that affected the pressure drop of the system. The pressure drop in each case is less
than 2% in ‘difference. However, the tangential feed location gave the lowest value of
pressure drop. As shown in Fig. 5.31, the velocity profile in the tangential feed case
expressed the circulatory flow in the system. Therefore, the loss of gas energy due to
sudden change in flow velocity and direction made the pressure drop of the system

decrease slightly.



1700
< 16507
e
(o
o
S
©
L 1600
>
7 1
g |
= a
1550 ] —&— Bottom feed
~—%— Top Feed
~— Tangential feed
1500 , ‘ ‘ ‘ ‘
0 20 40 60 80 100 120

Cyclic time (s)

Fig. 5.30 The effect of gas inlet location on the pressure drop as a function of time
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CHAPTER VI

CONCLUSION AND RECOMMENDATION

6.1 Conclusion

The CFD simulation has been divided into 2 parts. First, we considered the
clean virgin filter with clean air, and second, cyclic operation of the filter (dust-laden
air, pulsed cleaning).
6.1.1 Virgin filter with clean air

The CFD model was validated against the available experimental data on an
identical twin-candle system for both clean air using virgin candles and dust-laden air
in cyclic operations. Next the effect of the gas flow rate and the gas temperature were
investigated in the case of virgin candle filter. As the gas flow rate or the temperature
increased, the characteristic pressure drop will increase proportionally in a linear
manner. The positive effect of the gas flow rate on the pressure drop was found to be
more significant than that of the gas temperature. Though the spatial flow distribution
of clean air through the clean twin filters A and B was essentially symmetrical, the
height (Z) on the candle significantly affected the local normal face velocity whereas
the location of a quadrant at the same height had negligible effect. In fact, the spatial
distribution of face velocity of either virgin filter may be classified into 4 zones as
listed in Table 5.1.

6.1.2 Cyclic operation (dust-laden air, pulsed cleaning)

In the case of cyclic operation (dust-laden air, pulsed cleaning), when the
filter was pulse-cleaned, all of the temporary cake was removed but the permanent
cake still remained. The candle surface area that attracted the most flow and
consequently the highest rate of dust deposit was the top end of the candle filters. The
relative change in the temporary cake thickness was calculated in terms of the
percentage compared to the permanent cake thickness. It can be considered that the
local cake thickness increased as a linear function of the local face velocity. Upon the

initiation of pulsed cleaning, the temporary cake on the adjacent candle was estimated
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to be removed by approximately 20 % compared with its permanent cake thickness. In
reality the unexpected decrease in resistance may not actually be due to any decrease
in the temporary cake thickness but should be caused by the sudden decrease in local
face velocity on the adjacent candle. It is found that the observed fluctuation in the
pressure drop was caused not only by the change in the cake thickness but also by the
compressibility of the cake, thereby changing the rate of rise in the pressure drop at
each time interval.

When we considered the local flow resistance and corresponding pressure
drop at each short time interval, it was found that the local resistance of each element
(a total of 32 elements in each candle filter) was caused a corresponding difference in
the local face velocity distribution. Similar to the case of the virgin candle filter, the
local face velocity can be divided into 4 zones along the height of the candle filters as
in the case of the virgin filter; the higher the position of height, the higher the local
face velocity. By the way, the face velocity in each quadrant of the same layer did not
show any significant difference. This means that the popular simple assumption of
uniform cake deposition on the whole surface of each candle is not valid. Obviously,
the effect of gas flow rate to the pressure drop of the system was higher than of that of
the gas temperature, influent dust concentration and gas inlet location, respectively. In
fact, the gas inlet location has nearly insignificant effect on the pressure drop of the

filtration system (less than 2 percent).

6.2 Recommendation

- Further investigation should be carried out on the effect of the gas temperature on
the properties of the ceramic candle filter and dust cake properties.

- The cohesive and adhesive forces of dust particles may be added to the simulation
model by writing some additional code.

- The experimental data on the pressure drop should be collected more frequently

than every 20 seconds to ensure higher accuracy of predicting the phenomena.
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Table C.1 Pressure drop at various temperatures

94

The filtration velocity and dust concentration were kept constant at 0.85 cm/s

and 5 g/m?, respectively.

Pressure drop (Pa)

Cyclic time (s)
15°C 100°C 200°C 300°C | 400°C | 500°C 600 °C

0 999 1206 1443 1697 1824 1999 2157
20 1015 1225 1467 1725 1854 2031 2192
40 1026 1250 1488 1749 1887 2070 2233
60 1066 1286 1539 1810 1945 2131 2301
61 999 1206 1443 1697 1824 1999 2157
80 1015 1225 1467 1725 1854 2031 2192
100 1026 1250 1488 1749 1887 2070 2233
120 1026 1250 1488 1749 1887 2070 2233

Table C.2 Pressure drop at various filtration velocities

The influent gas temperature and dust concentration were kept constant at 270

°C and 5 g/m®, respectively.

Pressure drop (Pa)

Cyclic time (S)

1cm/s 2cml/s 3cml/s 4 cm/s 5cm/s
0 1872 3743 5600 1472 9342
20 1902 3804 5690 7593 9492
40 1927 3858 5780 7713 9643
60 1996 3992 5972 7969 9962
61 1872 3743 5600 7472 9342
80 1902 3804 5690 7593 9492
100 1927 3858 5780 7713 9643
120 1996 3992 5972 7969 9962
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Table C.3 Pressure drop at various dust concentrations
The filtration velocity and influent gas temperature were kept constant at 0.85

cm/s and 270 °C, respectively.

Pressure drop (Pa)
Cyclic time (s)
5g/m® | 10g/m® | 20g/m®* | 30g/m® | 40g/m®* | 50g/m?
0 1586 1732 1878 2024 2170 2316
20 1612 1760 1908 2057 2205 2353
40 1637 1788 1939 2089 2240 2391
60 1692 1847 2003 2159 2314 2470
61 1586 1732 1878 2024 2170 2316
80 1612 1760 1908 2057 2205 2353
100 1637 1788 1939 2089 2240 2391
120 1692 1847 2003 2159 2314 2470

Table C.4 Pressure drop at various feed locations
The filtration velocity, influent gas temperature and dust concentration were

kept constant at 0,85 cm/s, 270 °C and 5 g/m° respectively.

Pressure drop (Pa)
Cyclic time (s)
Bottom Top Tangential

0 1586 1587 1568
20 1612 1612 1593
40 1637 1638 1619
60 1692 1692 1672
61 1586 1587 1568
80 1612 1612 1593
100 1637 1638 1619
120 1692 1692 1672
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The conditions of the experimental data used in calculation are as follows

- Gas flow rate ; 0.38  m%min
- Gas temperature  : 270 °C

- Dust concentration 5 g/m®

- Dust type : Fly ash JIS10

Assumption: the dust particles are uniformly distributed in the influent gas stream.

a) Calculate the total dust load
The dust load of fly ash in 5 seconds is equal to gas flow rate multiply by dust
concentration and time interval
Total dust load = 0.38 x 5 x (5/60)

0.1583 g

b) Analyze the flow field

From the simulation results, we know the volumetric rate of gas flow through
each section of candle filter. So we can calculate the fraction of gas flow rate in each
section.

Flow of interested section
Total flow rate

Flow fraction =

Assume that the flow rate of the interested section is equal to 0.0096 m*/min.
Flow fraction = 0.0096/0.38 0.0253

c) Calculate the dust load in each section

0.0253 x 0.1583
0.004 g

Dust load of interested section

d) Calculate the cake thickness

Since the bulk density of fly ash is about 0.7 g/cm?®, we assume that the dust
cake layer has a uniform density of 0.7 kg/m® and the filtration area of the interested
section is equal to 175 cm?.
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Dust load of interested section
Cakedensity x localfiltration area

Local cake thickness

0.004
0.7 x 175

33x10° cm

e) Calculate the specific cake resistance
Assume that the viscosity of air is equal to 3 x 10° Pa.s and the cake
resistance is equal to 40000.

cake resistance xfiltration area
viscosity of airxdust load perarea

Specific cake resistance =

_ 40000 (175/1000000)
(3x10°®)x (0.004/(175/1000000))

> 10208 m?
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