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Abstract

The spatial distribution of particle concentration in commercial electrostatic
precipitators (ESP) is modeled numerically. The model involves numerically solution of
the three—dimensional electric field, the flow field, and the particle transport throughout
the ESP.

Maxwell equations for electrostatic fields with influence of ionic and particle
space charge for three—dimensional complex geometries are solved numerically.
Fluctuations of space charge field correlated with electric field fluctuations give raise to
charge diffusion between the electrodes and collector plates. These correlations are
modeled numerically.

Among non—ideal electrical effects, the back corona phenomenon has been investigated
and a simple numerical estimation for prediction of this phenomenon is developed.

The current—charge and the potential—charge relationships may contribute to
understanding of the corona discharge phenomenon, therefore these relationships for
both the negative and positive corona discharge are investigated.

Meassurements of current density distribution at the collector plate has made it possible
to examine the reliability of the numerical model. The comparisons between
measurements and calculations show good agreement.

The velocity field inside the ESP is influenced by the electric field and the
geometrical configuration. The influence of the electric field on the flow patterns inside
the ESP is investigated numerically in two and three dimensions using the elliptic
time—averaged Navier—Stokes equations with a constant eddy viscosity model.

LDA measurements of the velocity and the turbulence fields ingide a labratory scale ESP
are compared with numerical calculations. A basic experimental study of secondary
flows due to electrical vorticity sources is reported. Numerical results for two
dimensional flow show close agreement to experiments.

Particles with different size have different electrical drift velocity inside the LDA
measuring volume which will be precived as turbulent fluctuations by the LDA system.
The level of false turbulence due to particle size variations inside the LDA measuring
volume is both estimated and measured. Re—entrainment of seeding particles (glycerin
drops) close to collector plate bave been measured and found to be negligible.

The transport of charged particles under the effect of three dimensional electric
field, flow field and interaction between these parameters is calculated numerically.
Results are compared with experimental data for particle concentration profile inside
labratory scale ESP reported in the literature.

The particle charging mechanism is affected by the interactions between the particle and
the ionic space charge within the charging electric field. In order to approach the physic
of the electrostatic charging mechanism, these interactions are modeled numerically in

the ESP model.

The resulting computer model developed for the prediction of the performance of
ESP's takes the following parameters into account:
-itota,l )inlet dust concentration (represented by up to 10 monodisperse, spherical particle
classes
—particle turbulent diffusion coefficient and relative dielectric constant
—inlet gas velocity, density, dynamic viscosity, and turbulent diffusion coefficient
—electrode geometry, potential, and space charge at corona point
—ESP geometry, section length, and number of sections
—maximum permitted dust layer at collector plate and dust density.
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The computer model provides the following output results along the ESP:
~total efficiency and penetration
—efficiency of each particle class
—mean dust concentration and size distribution for all particle classes
—dust layer thickness variation
—rapping time
~flow patterns
—electric field and space charge field
—mean current density
—current density distribution at collector plate.

The effect of bulk velocity and electrode—collector distance on ESP's efficiency
and price has been investigated. The model results agree reasonably well with the
performance of actual industrial precipitators even though negative effects such as
re—entrainment and rapping losses are not modeled. Model calculations also suggest that
current design practice is close to the optimum, but that improvements should be

possible.




Abstract (in Danish)

En numerisk model til besternmelse af den rumlige partikelkoncentrations
fordeling i kommercielle elektrofilire (ESP) er udviklet. Denne numeriske model
omfatter lpsning af det tredimensionale elektriske felt, stremningsfeltet og
partikeltransporten gennem filteret.

De Maxwell'ske ligninger for elektrostatiske felter med indflydelse fra ion—
ogpartikelrumladninger er Igst numerisk for tredimensionale komplekse geometrier.
Fluktuationer af rumladning korreleret med fluktuationer i det elektriske felt
giveranledning til ladningsdiffusion mellem elektroderne og udfzldningspladen. Disse
korrelationer er modelleret numerisk. Blandt de ugunstige elektriske forhold er
back—corona—fznomenet blevet undersegt, og en simpel numerisk estimering er udviklet
til at forudsige fmnomenet. Strom—ladningsrelationerne og  spandings—
ladningsrelationerne kan bidrage til forstdelsen af corona udladningsmekanismen, og
disse relationer er derfor undersggt for negativ sivel som for positiv corona—udladning.
Maling af strgmtatheden p& udfeldningspladen har gjort det muligt at efterprove
pdlideligheden af den numeriske model. Sammenligninger mellem mélinger og
beregninger viser god overensstemmelse.

Hastighedsfeltet 1 ESP er influeret af bade det elektriske felt og den geometriske
konfiguration. Det elektriske felts indflydelse pa hastighedsfeltet 1 ESP er undersggt
numerisk i to og tre dimensioner ved brug af elliptiske tidsmidlede Navier—Stokes'ske
ligninger med konstant eddy viskositetsmodel. LDA maélinger af hastigheds— og
turbulensfelter i en laboratorie—skala ESP er sammenlignet med numeriske beregninger.
Et basalt, eksperimentelt studie af sekundzre strpmninger skabt af inhomogene
elektriske volumenkraefter i systemet er udfgrt, og de numeriske, todimensionale
strgmningsberegninger viser god overensstemmelse med de eksperimentelle data.
Partikler af forskellig sterrelse har forskellig elektrisk driftshastighed i LDA
malevolumenet, hvilket vil blive opfattet som turbulente fluktuationer i LDA systemet.
Niveauet af disse falske turbulenser er bide estimeret og maélt. Re—entrainment af
seeding—partikler (glycerindrdber) teet ved udfzldningspladen er blevet mélt og har vist
sig at vaere negligible.

Transport af ladede partikler i filteret under indflydelse af det tredimensionale
elektriske felt, gasstromningsfeltet og samspillet mellem disse er beregnet numerisk.
Resultaterne er sammenlignet med eksperimentelle data for koncentrationsprofilet i en
laboratorieskalamodel af ESP som rapporteret i litteraturen.
Partikelladningsmekanismen er influeret af interaktioner mellem partikel— og
ionrumladningen i det opladende elektriske felt. For at kunne tilnzrme fysikken i denne
elektrostatiske -lademekanisme er disse interaktioner modelleret numerisk i
ESP—modellen.

I den resulterende computermodel, der er udviklet til beregning af
filtereffektivitet, indgar de folgende parametre som ind—data:

— total indlgbsstgvkoncentration (reprasenteret med op til 10 forskellige
kugleformede partikelstarrelser eller klasser

- turbulens—diffusionskoefficent af partikler og relativ dielektrisk konstant

— gasindlgbshastighed, massetaethed, dynamisk viskositet og turbulens—
diffusionskonstant

- elektrodegeometri, potentiale og rumladning i corona punktet

- ESP geometri, sektionsleengde og antal sektioner

- maksimalt tilladelig stovlagstykkelse p& udfeldningspladen og stgvets
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massetathed.

Computermodellen giver folgende ud—data for hele filterleengden:

— total virkningsgrad og masse—gennemtrangning

- rensningsgrad for hver partikelklasse

- middelstevkoncentration og sterrelsesfordeling for alle partikelklasser
- stoviagets tykkelsesvariation

- pladerystningstid

- gasstrgmningsmenstre

- elektrisk— og rumladningsfelt

- middel strgmtzethed

- strgmtaethedsfordeling pd udfzeldningspladen.

Virkningen af bulk—hastigheden og elektrode/udfzldningsplade—afstanden pa
ESP'ens effektivitet og pris er blevet undersggt. Model—resultaterne er i rimelig
overensstemmelse med aktuelle data fra industrielle filtre, ogsd selv om negative effekter
som for eksempel re—entrainment og pladerystningstab ikke er blevet taget med i
betragtning. Modelberegningerne viser ogsé at nuvzrende filterkonstruktioner er taet pa
det optimale, men at yderligere forbedringer stadig er mulige.
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Dummy Argument
Areal
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Dummy argument
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Particle diffusion coefficient

Tonic diffusion coefficient

Particle diameter

Geometric mean diameter of particle
Arbitrary particle size (j—th class)
Particle mean diameter at the inlet of ESP
Mean electric field between the electrodes and collector plate
Electric field

Electric field within dust layer
Electric field strength at corona point
Electric force

Froude number

Electrical body force

Current density

Mean current density

Turbulence length scale

Cell length in axial direction

Cell length in transversal direction
Cell length in vertical direction
Mass

Dust mass flux to collector plate

Inlet mass flux
Particle mass

Qutlet dust mass flux

Number of grid points in y—directions
Normal direction

Concentration

Exponent factor

Inlet concentration

Pressure

Penetration

Particle charge
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Particle saturation charge

Saturation charge of j—th particle class
Resistivity

Dust resistivity

Concentration parameter in Wy theorem
Agglomeration parameter

Inlet dust loading

Concentration at the inlet of ESP in Wy theorem
Time

Cartesian velocity component in axial direction
Slip velocity at collector plate

Friction velocity

Bulk velocity

Cartesian velocity component in transversal direction
Collision velocity of charge carriers

Particle electric drift velocity

Gas (fluid) velocity

Particle velocity

Cartesian velocity component in vertical direction
Electrical drift velocity used in Deutsch models
Electrical drift velocity used in Wy theorem
Electrical drift velocity used in Wp—rer theorem
Electrical drift velocity used in Wy theorem
Electrical drift velocity used in Wy theorem
Weighting coefficient

Cartesian co—ordinates

Value of present iteration

Value from last iteration
Dimension less distance

Slope coefficient

Slope coefficient

Perturbed value of ionic space charge density
Perturbed value of electric field

Perturbed value of current density

Distance between the grid points in x,y,z—direction
Dissipation rate

Vacuum permitivity

Dielectric constant for particles

Applied potential at the emission electrode
Potential at collector plate

Potential

Corona start potential

Frequency function

Efficiency

Turbulence kinetic energy

Collision mean free Path
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Pe
Ps
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Pt
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Suffix
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Gas kinematic viscosity
Turbulence diffusivity coefficient

Molecular diffusivity coefficient

Electrical vorticity components in x,y,z—direction
Total space charge

Particle space charge

Space charge of j—th particle class

Onset space charge at corona point

constant total space charge

Space charge of electrons

Pseudo Space charge

Space charge density at collector plate

Tonic space charge

Gas (fluid) density

Electric coductivity

Variance or standard deviation
Geometric standard deviation
Shear force at wall

resident time

Matrix
Vector

Mean value
Fluctuating part
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1 Introduction

The particulate matter in industrial emission gases has been the main source of
environmental pollution this century. Here, particles in submicron size in polluted air
are particularly hazardous because they are inhaled and become absorbed in the lungs
which may lead to serious diseases. Furthermore, particles in industrial emission gases
can either be the main product of a certain process (like cement production) or they can
be an undesirable byproduct in other comnections (a 320 MW coal fired-power plant
produces 15 tons precipitated ash every hour [49]). Therefore, it has been investigated in
different possible ways how to remove the particulate matter in emission gases since the
beginning of this century. In this connection, the electrostatic precipitators, ESP, and
the mechanical processes have been the basic methods in removal processes.

The essential difference between the mechanical and the ESP processes is the
form of removal forces. In mechanical processes particles are removed via inertial or
mechanical forces while in the ESP process the removal forces stem from an adjustable
external source in form of electrical body forces. The mechanical methods like gravity
settling, centrifugal (like cyclone), filtration through screens, fabric bags and some
agglomeration [31] have been successfully used in small precipitation scale. But, due {o
high energy consumption in the mechanical processes, it is continuously preferred to use
ESPs as the main facility in control of industrial emission gases in large scale
precipitation processes. Even finest particles in the submicron size range can be collected
effectively by ESPs because of relatively large electrical body forces. Therefore, it is the
propose of the present study to develop a general model for predicting and optimization
of ESP processes supported by experimental data in laboratory scale.

High—voltage
power supply

Cleaned

gas

Wire—electrode

Grounded
collector plate

T

Particulate— * .: A
laden gas  +. w70/ -

O Removal of
collected particles
Fig. 1.1 Basic principle of a single—stage, wire—pale ESP.



1.1 ESP design

The most common design of an ESP consists of sectioned parallel plates
separated by a distance of 0.2 to 0.5 meters with emission electrodes installed in between
them, fig. 1.1. Gas with suspended particles flows horizontally between the plates with a
velocity of 0.5 to 3 m/s. A sufficiently high imposed voltage on the electrodes induces
ionized gas and free electrons in the space between the electrodes and grounded plates
(collector plates). Particles in the flow get charged by free charges, migrate transversely
to the flow direction and precipitate on the collector plates. The precipitated particles
accumulate on the surface of the collector plates in form of a dust layer. The collected
dust gathers in hoppers for disposal by rapping the collector plates periodically.

1.2 Areas of potential improvement of ESPs

The improvement of the ESP process has been investigated intensively since this
removal method was presented for industrial world. Many researchers in the absence of
computer power have tried to improve ESP's efficiency through empirical, and
experimental investigations. But, in most of the cases there are no basic mathematical
or physical evidence to explain the reasons for improvements or performance changes.

The complexity of the precipitation process is due to parameters such as
three—dimensional electric field, flow patterns, variable boundary conditions, particle
behavior, and the interaction between these mechanisms ( the main precipitation
mechanisms). In this connection, there has been a very few researchers who have tried to
model the ESP problem through the derivation and the three dimensional solution of the
governing equations simultaneously. The simultaneous solution of the governing
equations makes it possible to take the interactions between the electric field, the flow
~ field, -and the particle concentration during precipitation process into account. For
example, two dimensional numerical programs have been developed for simple ESP
geometries (plate to plate and wire to plate) of laboratory scale by [6], [7], [8] and [10].
Such models solve the particle transport equation for monodisperse particles using an
uniform flow field together with an analytic expression for calculation of the electric
field. Furthermore, [35] has developed a calculating model for simple laboratory ESP
which includes the influence of a prescribed three dimensional electric field and uses a
prescribed flow field. This model assumes that the particle diffusion in axial direction is
negligible and particles are monodisperse. However, in none of these numerical models
~ the influence of the actual flow field or the interaction between the main precipitation
mechanisms are taken into account. Therefore, the calculation results of these models
disagree with the ESP data of complex geometries and dust loading parameters 153].

Non—ideal effects like particle re—enterainment, back corona, and sneakage {chap.
3 gives a short description over these parameters) show influence on the ESP process. In
some cases, they represent the main part of adverse effects in precipitation process, and
a basic investigation of these parameters from a physical point of view would effectively
improve the prediction of the ESPs efficiency. However, before such effects are actual,
one should have a reliable basic model for normal operating conditions.

We believe that the areas of potential improvement of ESP model will be found
by taking the influence of the electric field, the flow field, the particle behavior, the
non—ideal effects, and the interaction between these parameters during the precipitation

process into account.




2  Basic theory and governing equations

The particle transport and precipitation process in ESP are governed by the gas
flow and the imposed electric field. The electric field acts on ionized gas and charged
particles in form of body forces mainly transversal to flow direction. These electrical
body forces (Coulomb forces) make particles to move toward the collector plates and at

the same time induce secondary flows if the electric field is strongly non—unjforzfn of
of the -

nature. The gas discharge and particle charging processes are governed by polarit
electric field, electrode-collector geometrical configuration and the field strength E%S].

* Usually the precipitation process is expressed by an efficiency rate 7, or a
penetration rate, p which is the percentage of particles remaining after a certain length
of the ESP. The relation between p and n is defined as

(2‘1) | = l-p,
and p is given by _
(2.2) : _ p=n/m,

where ng is the injtial particle concentration at the inlet and n is the concentration in a
certain section or place in the ESP. For instance n can be the concentration at the
outlet, hence p and 7 will become the total penetration and efficiency of the whole ESP
unit. The particle transport equation (conservation of mass) represénts the governing
equation to concentration variations in the steady state,

(23) V‘ (an) =0 »
where vp is the particle velocity.

Physically, it can be assumed that particles in submicron size have the same
velocity as the gas with no slip [46]. Hence we can write :

(2.4) _ Vp= Vi+ Vg »

where v¢ is the gas (fluid) velocity and ve is the drift velocity of the particles relative to
the gas due to electrical body forces. ve can be determined by establishing the balance
between the electrical and viscous forces. After a few simplifications due to other minor
forces [46], the following equation can be derived '

(2.5) mg%:—:B?rdppve+qE.

In this equation, m is the particle mass, g is the gas viscosity, dp i3 the particle

diaIElete)r, g is the particle charge and E i the electric field strength. The solution to
Eq.(2.5) is

(2.6) Ve = ﬁ?%p-_u [ 1-— exp—(il'—%?—'g)t ] .

The ratio %ﬂ-& for particles (dp < 10 pm) is of the order 103, therefore the
exponential term becomes negligible over a time scale of a few milliseconds and it can be



assumed that v, is proportional to E and gi.e.

E
(2.7) Ve=grigog
The ratio ﬁ—g—# is called the particle mobility, bp so
P

. (28) Ve = pr .

The flow pattern v, is governed by inertia forces, body forces and the boundary
conditions. Navier-stockes equations describe the flow motions due to these forces in

following form

(2.9) V-{prvr) = 0,

(2.10) prviVvp = —Vp + ﬂV2Vf+ fe ,

where pr i the fluid density, p is the pressure, and f. is the electrical body force. In these
equations, it is assumed that the gravitational and buoyancy forces are negligible
compared to electrical forces and that the flow is steady.

The electrical body force arises when the electric field strength acts on charged
gas ions or charged particles. Having an electric field requires a potential difference
between two electrodes in the operating system (in our case the electrodes are the wires

and the collector plates).
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gas ions molecule
FElectrons
Fig. 2.1 Illustration of the negative corona discharge process (and the particle charging),

from [36].
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Particle and space charging due to corona discharge are the complicated
mechanism, which are not claritied entirely yet. Figure 2.1 illustrates the negative
corona discharge for point to plate gap. Simple theories describe the gas jonization and
the particle charging by following words: a discharge point {corona point) produces free
electrons in the space around Itself (ionization region). Corona starts at a cerfain
potential-voltage between the corona point and the grounded plate. Free electrons gain
Linetic energy — from the intense electric field at the point — large enough to ionize the
gas through impact and thereby initiate avalanches. The avalanches develop in a
direction away from the point out to that distance where the electron attachment equals
the gas ionization. The electrons generated by the ionization are injected into the drift
region, where they attach to the large molecules producing a space charge, [38] and [36].
The charged gas molecules impact the suspended particles and attach their electrons to

them.

The governing equations for the electrical conditions with the agsumption of a
linear isentropic medium and neglecting the magnetic effects, reduce to the quasi—static
electrodynamic equations [36]. These are represented by the Poisson equation for the

potential field and the continuity equation for space charge transport in the following
conservative form

(2.11) : | __ V- (Vo) ——%=o,
(2.12) - | V(b V) =0,

where ¢ is the potential, p represents the space charge, and b is the gas mobility.
Eq.(2.11) is elliptic, while Eq.(2.12) is 1.order hyperbolic. Furthermore, the electric field

strength, E has been defined as

and the electrical body force acting on the gas phase in Eq.(2.10) is the product of
olectric field strength, E and space charge, p,

(2.14) fo= pE .
The foregoing equations for electric fields of potential and charge, as well as

velocity field of the gas and the concentration field of particles, are subject to boundary
conditions to be discussed later.




3 Introduction to parameters influencing the precipitation rate

This section gives a short description of parameters influencing the precipitation
process. The precipitation process is influenced by flow, electric field and particles as it
was presented in the foregoing chapters. In this connection table 1 is arranged to show
the influencing parameters classified under their main physical property. Most of the
parameters in table 3.1 can be found in the previously derived governing equations. But
those parameters which do not appear in these equations may either have influence on
the boundary conditions or they are found through empirical methods in order to express

the integral effects.

3.1 Flow

We begin at the top of table 3.1.
—u, v and w are cartesian components of the gas velocity, vr.

v, is the turbulence diffusivity coefficient, which can be calculated by
employing the x—¢ model, the algebraic model or can be assumed constant.

— The flow boundary conditions can be laminar or turbulent. In order to catch
the velocity gradients near the boundary, one may either construct a very fine grid in
this region, or employ a boundary—{reestream decoupling model like the logarithmic law
(wall function), in order to reduce the number of grid points.

3.2 Electric field

— The electric field calculation can be performed by taking the influence of space
charge into account or by assuming that the space charge variations have no influence
on the electric field, and may be ignored. Doing the calculations regardless of the space
charge variations (or assuming a guessed spatial variation of space charge in the
calculation domain) makes the calculations very eagy. However, such approaches are not
accurate, since the coupled system of equations should be solved simultaneously for both

the electric field and ionic space charge transport.

- The potential at the electrode and collector plate surface varies due to dust
layer buildup. These variations can be included in a predicting model by assuming a
known potential value per unit thickness of ash layer.

— The pulse energization makes it possible to impose a higher potential on the
system, in order to get a stronger electrical drift velocity toward the collector plates.
Beside this, the pulse energization increases the iomic (see chap. 6) diffusion which
makes it possible to have a more uniform distributed current density at the collector
plate, causing a better collection efficiency in this regions.

_ The spark over phenomenon occurs at a certain potential between the
electrodes and the collector plates. This phenomenon depends on geometry, polarity of
energization, temperature, ash resistivity, gas composition and humidity.



- 3.3 Particles

— Particle charge can be determined theoretically for spherical particles. But,
there is no mathematical formula to describe the particle charge for none—spherical
particles, therefore experimental methods should be employed to determine the particle

charge.

- WDeutsch is the particle drift velocity in Deutsch's one dimensional ESP model.

Wy, Wy and W, are empirical determined effective particle drift velocity in the models
developed by F.L.Smidth company {49], Flakt [48] and Dr.C. Allander [30].

— The gaussian function gives the distribution probability of the particle size. The
particle size can be defined either by employing of the mean particle size or by dividing
the particles into a certain number of classes in order to be able to calculate the influen-
ce of particle size variations in the precipitation process.

— The Cunningham constant Ca is used as a correction parameter for electrical
drift velocity [11].

— The sneakage is used as a correction parameter for particle by-pass of the
system [11].

_ The re—entrainment correction factor accounts for the effect of collected
particles at the collector plate falling off and entering the bulk flow. The re-entrainment
at the first stage occurs when:

1) the collector plate is rapped in order to collect the precipitated dust in the hoppers.

9) the boundary layer near the ash surface is disturbed by high flow gradients (high
turbulence). In this mechanism the aerodynamical inertia forces overcome the electrical
body forces at the dust surface layer and release the particles from the surface of the
collected -dust. S - . N o

3) the back corona phenomena occurs. : ; ‘
4} particles with relatively high velocity collides the surface of the. dust layer and

releases the precipitated dust from the surface. This form of re—entrainment occurs
under the normal precipitating conditions [53]. The re—entrainment of particles under
normal conditions can be modeled by introducing an accumulation parameter in the
particle transport equation, Eq.(2.3). This parameter governs the balance of particle
transport in the accumulation region pear the collecting wall, i.e. the boundary
conditions will be changed at the collector plate. _

_ The "back corona" phenomenon occurs mostly when dealing with high resistive
dust. When high resistive dust builds up at the collector plates, it will reduce the
electron current to the metallic surface of the plate causing an accumulation of charges
within the dust layer and repelling the particles back into the bulk flow. At the same
time those particles which have aiready been precipitated will be forced to detach from
the dust layer surface and enter into the bulk flow as well.

— The agglomeration occurs when the suspended particles in submicron size
attach together and form bigger particles. The agglomeration depends on the particle
surface, particle charge and the surrounding media. The agglomerated particles with
higher migration velocity [32] are easier to precipitate, therefore it is always of interest
to put the agglomeration process forward in order to improve the efficiency of ESP. The
agglomeration of particles in the system is theoretically equivalent to introducing a

i




source term in the right hand side of the particle transport equation,

(3.1) V'(nVP) = Sagg .

— The dust electrical resistivity depends on chemical composition, temperature
and the humidity. The dust resistivity is usually measured in dry state at a drift
temperature between 50 to 400 C° [53].

— The parameter D represents the particle diffusion rate in a media. D is modeled
the same way as the turbulence diffusivity of momentum (the eddy diffusivity), v [10].

A simple way to model the particle diffusion coefficient is to assume, that D is
constant in the whole calculation domain. It has been observed, that this assumption
leads to poor results near the boundary. It may therefore be necessary to model the

particle diffusivity variations near the boundary [6].
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4 Previous work

This part describes the basic ideas behind a few predicting models, whose
solution methods will be representative for most of the other models.

It begins with the first ESP model developed by Deutsch in the beginning of this
century. Deutsch's model is strongly idealized due to physical facts governing the
precipitation process. This model is not only idealized but it makes drastic assumptions,
narpely, turbulent mixing is so strong that a uniform particle concentration profile is
maintained transverse to the collector plates [8], particles are monodisperse, flow is one
dimensional and the electrical field is uniform transversal to the flow direction [35].
These assumptions simplify the transport equation, Eq.(2.3), to a first order linear
differential equation in following form

| dn W
(4.1) _ | U[)az+ﬂ——1'—§=0,

where Uy, represents a constant bulk velocity, W is the drift velocity, n is the particle
concentration and ly is the distance between the electrodes and the collector plates.
Solution to Eq.(4.1)'is an exponential decay of the concentration in the axial direction,

x, given by

(4.2) n= no[l - eXD(—Ulf-;; X)] 3

where ng is the initial concentration at the inlet. Inserting this equation into Eq.(2.2)
and Eq.(2.1), respectively, gives

(4.3) n=1- exp(—%l—y X) .

Equation (4.3) is the expression for the ESP's efficiency suggested by Deutsch in
1922. Tt should be mentioned that this equation, with some empirical modifications, has
been used as the basic tool in ESP design since it was presented by Deutsch.

White [31] used Deutsch equation as a predicting model and at the same time he
tried to optimize the parameters influencing the precipitation process through simple
mathematical considerations and experiments.

In fact the Deutsch equation can always be fitted to a certain kind of ESP by
introducing some proper adjusting coefficients in the exponential term. For instance,
this is actually the method that Southern Research Institute 32] has used in developing
their predicting model (we will call it "semi empirical model"). The main feature of this
model is to divide the ESP into some minor increments, in order to decrease the error
due to application of calculated and empirical integrated adjusting coefficients. For
example, one of the important calculated coefficients stems from a two dimensional
clectric field calculation for positive corona discharge (here the model assumes that
positive corona discharge has the same characteristic as negative corona discharge). The
empirical coefficients stand for the adjustment of: flow quality due to turbulence level,
geometrical configuration, dust layer thickness, electrode types, plate rapping methods,
particle distribution, dust resistivity, sneakage, dust re—entrainment, current voltage
characteristic and ash density. Later this type of model was further improved by Lawless
from Research Triangle Institute [52,53], who introduced further empirical adjusting

parameters in the Deutsch equation.
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Now let us look at some "fully empirical models". The main feature in these
models is to employ the data from an already existing ESP in the Deutsch model in
order to achieve an effective value for the drift velocity in a certain precipitation
process. Then, later on this value will be used as the main parameter in dimensioning of

other ESPs with same characteristics.

These models employ the statistical relation between the particle loading and the
drift velocity in order to cover a wide range of particle loading in an ESP process. These
statistical relations were first presented by Dr. C. Allander [3(%] in the following form

(4.4) W= H!H N Wo ,

where Wo is the drift velocity for particles with diameter do and ng i$ an empirically
fund constant (nq » 0.5). Later, this relationship changed to a relation between the
particle loading and the drift velocity by Flakt [48] in the following form

(4.5) Wi = [—%-]02 Wo ,

where W, is the drift velocity corresponding to the particle loading So, and Wy is the
effective drift velocity corresponding to the particle loading S. Flakt has used this model
in their ESP design and it is called the W —theorem. It should be mentioned that

particle loading S is the same as concentration n.

Another ESP model, with the same idea as the Wi—theorem, has been developed
by F.L.Smidth Company [49]. This model presents Eq.(4.5) in following form

(4.6) W:[ go]bwo,

where b i an empirically fund constant (b = 0.22 for cement ). Inserting W from Eq.(4.6)
into Eq.(4.1) results in

b
(4.7) Uogg+n[gﬂ]—%—v%=o.

Using the term Wy, for Wo, the solution of Eq.(4.7) becomes

Ugly 101
where 7 represents the (1— %E) term.

Now, for a given 7 and no we can find Wp. Using Eq.(4.8) leads to a value for W
the 50 called Wy—ref. Hereby Wy—ref Can be used as the basic tool in dimensioning of the

other ESPs with the same characteristics.

As it can be seen, the forgoing models use empiricism, as the fundamental tool in
prediction of the ESP efficiency. Therefore in general, they will not be expected to
predict the performance of other precipitators with significant difference in operating

parameters.
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The last model to be mentioned is developed by Self et al, [1]-{10], {37], [41],[51]-
This model presents a further development of the transport equation, Eqg.(2.3), due to
modeling of the particle turbulence diffusion. In this model particle diffusion mixing is
modeled by introducing the instaneous velocity and concentration terms in form of their

mean and fluctuating values,
. f
(4.9) Vp=Vp F Vp s

(4.10) n=n+n,

in transport equation Eq.(2.3),

V-(nv) = V- [(v, + vp)(n + "},
which after averaging becomes
(4.11) V-(nv,) =V-(pm+Ve(vyn')=0.

Using Fick's law analogy on the fluctuating term leads to

(4.12) vén‘:—-DVn,

where D is the turbulence diffusivity coefficient of particles.

Inserting Eq.(4.12) into Eq.(4.11) and assuming D ag a constant will lead to the
particle convection-diffusion equation [10],

(4.13) V(wvp)—DViIn=0.

- This equation has been solved in two dimensions (axial-transversal) by {10] for
positive corona discharge with D and vp as constant parameters. The results agree very
well with the experimental laboratory data. For the case of negative corona discharge,
Eq.(4.13) with D and vp as constants do not show comparable results with experiments
due to velocity fluctuations, recirculating patterns and strong gradients in the flow. It
should be mentioned that the reason for the poor results in this case is due to the nature
of negative corona discharge which induces strong electrical vorticity fields [50] and a
high level of turbulence in the flow, while in the case with positive corona discharge
velocity gradients are weak and turbulence level is low. Kihm [41] recommends to take
the flow influence into account in order to achieve closer results to the physical
performance of the ESP. This recommendation will be in focus in our further
experimental and computational investigations. '
Furthermore, it is recommended [52] to investigate the positive corona discharge
energization due to its nature of a more uniform electric field and it's low level of
turbulence. The positive corona discharge will be investigated in the electric field

calculations in chap. 6.

Fischer |35] solved Eq.(4.13) for three—dimensional parabolic case (D = ¢ in axial
direction), with the nonuniform electrical field calculated by Serensen {36]. He has used
his program to investigate the effect of uniform as well as nonuniform electric fields
together with a pseudo velocity field on the efficiency. His ESP model does not contain
ihe effect of the real flow pattern, particle size or interacting condition changes.
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5  Proposed model

As we saw from the previous work done by different researchers and companies,
it will be quite reasonable to improve the models developed by Self et al due to its
capability in prediction and optimization of the ESP process in general.

The electrical forces are the main mechanism in the precipitation process. These
forces acts on ionized gas and charged particles in form of electrical body forces and
Coulomb forces, respectively. Particles under the effect of Coulomb forces migrate
toward the collector plate and accumulate in form of dust layer at the plate. The dust
layer is kept at the collector by the electrical body forces until the plate is rapped.
Furthermore, the jonized gas under the influence of the non—uniform spatial electric
field creates recirculating or deformed flow fields between the electrodes and the
collector plates. Therefore, it is necessary to solve the governing equations for
three—dimensional electric field conditions inside the ESPs of cormnplex geometries.

As we mentioned, the flow field inside the ESP is influenced by the electrical
field and the geometrical configurations. The transport of submicron particles is affected
by the flow patterns within the electrodes and the collector plates, therefore it is
necessary to calculate the flow field inside the ESP. One of the main parts in ESP
modeling will be the calculations of the flow field along the ESP.

Particles influence the electrical field, flow field, electrical migration velocity, gas

discharge, particle charge and so forth. The variation in particle concentration
throughout the ESP changes the forgoing parameters, therefore we will further aim at
approaching the physics of commercial ESPs by taking these condition changes, during
the precipitation process, into account.

Furthermore, as we discussed in foregoing chap. 2, particles with different size
have different migration velocity (see Eq. 2.7)%, therefore they will be collected at
different places in the ESP, fig. 5.1. In order to model these variations in the particle
transport equation, the particles can be divided into a certain number of particle classes.
In each class the mean particle size is the representative of particle size in that class.
Thereby, the particle transport equation will be solved for each particle class separately
and the results will be added together using a weighting function which represents the
percentage of the particles in each class.

Since the calculations will be performed for an ESP under the normal operating
conditions, the influence of the dust layer resistivity, back corona, agglomeration, and
particle re—entrainment will not be included in the calculations. Table 3.1 shows the
influencing parameters in the present model.

5.1 Calculation domain

The geometrical configuration of the ESP shows that it is possible to divide the
ESP unit into small symmetrical calculation volumes (cells), see fig. 5.2. Since the
particle concentration profile is considered to be uniform at the inlet of the ESP, we
assume that the precipitation process is identical within each symmetrical cell in
vertical direction. It will therefore be sufficient to calculate the efficiency variations in
the axially aligned cells. There, we will use a marching solution strategy, which solves
the governing equations completely for one symmetrical cell and transfers the results to
' the next calculation cell. This solution method is explained in details in section 8.4.
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6  Electrodynamic of ESP

6.1 Introduction

The efficiency of an ESP is affected by the electrodynamic field, the flow field
and the particle concentration field. Of these, the electrical body forces on the particles
are the main mechanism in the precipitation processes. Therefore it is important to
begin with modeling the electrical conditions in the ESP. The electrical conditions are
influenced by geometrical configurations, ionic space charge, electric field and particles.
The present chapter deals with theoretical considerations for analytical and numerical
calculations of electrical conditions in commercial ESPs.

6.2 Basic governing equations

Maxwell equations for the electromagnetic fields are used to describe the
electrical conditions of unipolar corona space charge flow. These equations are valid for
all kind of media taking the contribution of electric field, electric induction, magnetic
field, magnetic induction, current density and space charge density into account [36].
The magnetic effects are ignorable in relation to the very intense electric field, since the

_dynamic_current is so small in the case of corona discharge. With this assumption the -

governing equations may be summarized to classical quasi—static electrodynamic
equations for the electric field,

(6.1) VxE=0,
E=-£-
(6.2) V-E=-,

and the current density field,
(6.3) , V-J=20,
where E is the electric field, J is current density, p is total space charge and g is the

vacuum permitivity. Equation (6.1) expresses the irrotational nature of the electric field,
therefore the E field may be represented by the gradient of a scalar potential field, ¢ as

(6.4) E=-Vp.
Inserting this equation into Eq.(6.2) gives the equation for potential field,

(6.5) | Vyp=— -% .

Furthermore, the current density may be expressed as the product of the electric
conductivity, o and the electric field E,

(6.6) J=0c¢E.

o is assumed to vary proportional to the space charge due to considerable variations in
the space charge density. So, the electrical conductivity may be expressed as

(6.7) o=1bp,
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where b is the constant mobility of the medium. Inserting Eq.(6.7) and Eq.(6.6) into |
Eq.(6.3) the result will be

(6.8) V.- (pE)=0.

Equation (6.8) and Eq.(6.5) are the basic equations in our further considerations.

Equation (6.5) expresses the distribution of the potential field influenced by the :
boundary conditions and the space charge in the entire region. This is the well known b
Poisson (boundary value problem) equation with an elliptical and a fully diffusive
nature in the solution, while Eq.(6.8) expresses the convection of space charge (initial |
value problem) in the direction of the electric field, E.

_ Equation (6.8) in the present representation has a hyperbolic nature in solution. _
This means that the solution depends on the characteristic [57] lines for the transporting B
field (E field in our case). These Characteristic lines are the trajectories (transporting r
direction) for the gas ions (p field). Therefore the solution significantly depends on the B
representation of these characteristic lines. Furthermore, these characteristic line
orientations highly depend on the numerical representation of the grid lines, and the .
solution may mot be unique, since the grid lines can be represented in many different b

forms. 7 =N

In our further discussion we will present a new method to make it possible to N
solve Eq.(6.8) in a parabolic way, where the solution would not depend on the ]¢
characteristic lines of the electric field. Therefore it will be much easier to obtain a B
unique solution with fewer numerical algorithms and Higher accuracy. The description of o

the method is as follows:
for b = constant Eq.(6.8) becomes

(6.9) E-Vo+pVE=0
- In Eq:(6.9); the divergence of the electric field is replaced by the term, p/e¢, from
Eq.(6.9) ,s0 I | | -

(6.10) E-Vo+p (—%5) =0

In this equation the first term expresses the continuity of space charge in the entire
domain while the second term is a source production term. The second term may be

linearized by assuming p outside the parentheses as a constant, fc,

By = (B
(6.11) p () = pel=g) -
Then Eq.(6.10) becomes
(6.12) E-Vp+pd~5)=0.

As it can be concluded from Eq.(6.5), the term p/¢o equals the fully diffusive
Laplacian term for potential distribution. This means that the variable, p/ e will act as
s diffusive source term in Eq.(6.12). Therefore Eq.(6.12) compared t0 Eq.(6.8) has a
parabolic convective-diffusive nature in its solution. Actually this is the main concept
behind the solusion of the ionic transport equation in a parabolic way.
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Tt should be mentioned that in the numerical solution procedure pe adapts the old
value of the space charge from the last iteration. This will be discussed later in section

6.4.

The total space charge, p in the physical domain receives contribution from the
space charge of free electrons, the ionic space charge and the space charge due to
presence of charged particles in the gas,

(6:13) p = pit Pet Pps

and similar by

(6.14) | T = (bipit bopert bopp) E

where the indexes i, ¢ and p on p and b stand for ionic, electron and particle.

For typical operational conditions the contribution from the free electrons is
negligible [36]. Taking the contribution of particles into account, then Eq.(6.2)and
Eq.(6.12) change to -

(6.15) Vip = - LEHe,
(6.16) . V-_[_('b-ipi+ bopp) E] —0.

In order to make the numerical computation of Eq.(6.16) less time consuming the
following mathematical procedures will be performed: first we define the ratio

_b

ck = le .
So, Eq.(6.16) can be written as
(6.17) V- [(pi+ ck pp) E] =0.
Furthermore, if we assume a psendo space charge, ps defined as
(6.18) | ps = pi+ ck pp,
then Eq.(6.17) may be written as
(6.19) V-(psE) =0,

which is equivalent to Eq.(6.8).
Like before, this equation may be changed to the convective~-diffusive parabolic form as,

(6.20) ' E Vps+ (pit pp) _zgz =0,

where the term (ps+ pp) is equivalent to pc. B
It should be mentioned that the amount of p; will be calculated as p; = ps— ck pp  after

each iteration in the numerical calculation procedure.
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6.3 Boundary conditions

The boundary conditions for the potential field, the electric field and the space
charge distribution depend on the geometrical configuration, the applied potential
voltage on emission electrode, the particle charge contribution, the specified potential on
collector plate due to resistivity of the precipitated ash on the collector plate and the

corona emission of the electrode.

Following boundary conditions' are employed in order to transfer the foregoing
physical information into the governing equations:

6.21 0p _ 0 at all the symmetry planes

Hi . 2
(6.22) w=wo at the electrode,
(6.23) @Y = Pyall at the collector plate,.

dp _ . .

(6.24) 6% =0 at all the symmetry planes inclusive the collector plate,
(6.25) p=po at the corona point,
(6.26) E=-— Vo at all the points,

where po and g are the onset space charge and the potential voltage respectively at the
corona point.

6.3.1) Boundary conditions approximations

Since there is no simple model to describe the corona discharge process physically-

and mathematically, we have to find the amount of induced space charge at the corona
point empirically. But before this we must try to have a better. understanding of the
boundary conditions and the electric field at the corona point. As described in the
foregoin% section, the corona discharge depends on the geometrical configuration and the
electric field strength in this region. The corona region has a tendency to be displaced a
~ small distance from the electrode where the critical electric field may be applied. The

experimental observations show the corona region displacement is around one millimeter
from the electrode surface [36]. The electrical conditions in this region are very complex
and must be treated from a microscopic point of view. Therefore in our further
consideration the corona discharge region will be concentrated at a source point on the
discharge electrode and the amount of space charge emitted from this point will be
found empirically using the measured current density at the collector plate. The
numerical procedure for determination of the amount of space charge at the corona point

will be described in section 6.4.3.

6.3.2) Ton and particle mobility

The mobility of the ions is affected by the humidity of the gas. Lawless et al [61]
has measured the influence of water vapour on the ion mobility shown in fig. 6.1. The
measurements indicate a strong change in mobility (about 18%) in the range
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0%—1.8% H,O vapour. However this has not been taken into account in our model,
therefore we shall notice a discrepancy between the measured and the calculated

properties involving the mobility of gas ions.

The particle mobility is discussed in chapter 2. Particles with a drift velocity. of
0.05—0.2 m/s under the effect of a 240 kV/m electric field will have mobilities of 2.1-8.3 x

1077 m2/Vs.

6.4 Numerical solution method

6.4.1) Grid generation

The numerical calculations are performed on an equidistant constant grid for all
the cases, fig. 6.2. The distance between the grid points is 5 mum in X, ¥ and z directions.
This means for instance, that a calculation domain of (Ix,ly,lz) = (50,150,50) mm will be
divided into 11 x 31 x 11 grid points.

6.4.2) Discretization method

The discretization of Eq.(6.15) and Eq.(6.20) for the two dimensional case is
shown in appendix A. As mentioned before Eq.(6.15) is the well known Poisson equation
with elliptical nature in solution. Therefore the central difference scheme is used in
diseretization of this equation. In order to model the parabolic nature of the ionic
transport equation the first—order upwinding scheme is employed to discretisize

Eq.(6.20).

6.4.3) Discretization of boundary conditions

As mentioned before the slope of space charge distribution in y-direction at the
- collector plate ,Eq.(6.24) equals zero, SO the value of . at the collector plate will
depend on py_, and py_, assuming a parabolic distribution, fig. 6.3. Hence, 2 second
order backward difference is employed to fulfill this condition in the following form

Py_i— P
4 "N-1 N—2
(6.27) Py = 3 .

As mentioned before there is no known physical applicable model describing the
corona discharge process. Therefore in our model the corona process and the discharge
conditions will be considered as a '‘black box''. From a numerical point of view the
interpretation is that the value of the space charge at the corona point concentrates to a
source point. By using this approximation, the only thing we must know is the amount

of space charge at this point.

The current density of ions from the discharge point toward the collector plate
can be measured at the collector plate experimentally. Therefore in the numerical
procedure, the amount of space charge at the corona discharge point is adjusted in such
a way, that the computed current density at the collector plate becomes equal to the

measured value.
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Furthermore, a second order backward difference discretization of Eq.(6.26) gives
the value of the electric field perpendicular to the surface of the collector plate EyN.

The foregoing descriptions of the boundary condition approximations and the
calculation domain, lead to the representation of a grid arrangement for a two
dimensional electrode—collector configuration shown in fig. 6.4. .

6.4.4) Iterative method of solution

SOR line by line algorithm [56] is selected as the numerical solution method for

both Eq.(6.15) and Eq.(6.20). The description of the method is as follows:
The solution of the discretization equations can be obtained by the standard Gaussian
climination method. This is called the TDMA, Three Diagonal-Matrix Algorithm. In
this algorithm the discretization of a system of linear algebraic equation for points
placed on the grid line in the calculation domain (see fig. 6.5) is presented by

(6.28) A-X=b

where A is the coefficient matrix containing the information from neighboring points on

the grid line, X is the unknown values and b defines the source terms.

: Under—relaxation is a very useful device for nonlinear problems. Therefore
under—relaxation is employved to handle the nonlinearity of Eq.(6.20). Furthermore
over—relaxation is used to speed up the calculation of the Poisson equation, Eq.(6.15).

Propogation direction =

%
i

Fig. 6.5 SOR. Line by Line method for TDMA numerical algorithm.

Colector plate
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In order to reduce the computation time for the calculation of residuals, it is
preferred to look at the maximum variations in the solution changes, MAXV as a
measure of convergence. This value defines as

1

(6.29) MAXV = MAX[—-—T{?—

o
IX'_ Xil]
i

here x, is the value from the present iteration and xfi’ is the value from the previous
iteration.

The iteration procedure for Eq.(6.15) and £q.(6.20) is coupled so that the result
and the computation time is optimized. First it solves Eq.(6.15) for the potential field
with an initial guess for ¢ and p, together with the boundary conditions, until reasonable
potential and electric field are established. Then it uses the electric field to solve the
ionic transport equation, Eq.(6.20) until convergence (see fig. 6.6). In the next step, the
space charge field, p will be the new initial guess in solving the potential field equation.

This numerical procedure may be summarized in the following Steps:

1-- solve Eq.(6.15) until convergence,
2— compute electric field,
3— solve Eq.(6.20) with p = pg at corona poini,

4— resolve Eq.(6.15) with new p field,
5— begin from step two.

As it can be seen from the iteration history the solution of Eq.g6.15) is not
monotonic after each iteration loop. This is because the new iterated field for p has not
converged to its maximum value still. Therefore the iteration loops will be repeated
until the p field has its maximum value and Fq.(6.15) has begun to converge
monotonically as the iteration loops progress. Physically this means that the electric
field subject to a certain level of space charge is established. The initial conditions for

the program start are

p=20 : for the whole domain,
¥ = Pwall at the collector plate,
(6_30) Y= at the electrode,
p=10 for the whole domain,
p = po at the corona point.

6.4.6) Typical CPU-time

The program is written in FORTRAN 77 with double precision. If the single
precision is used there will be no significant change in the solution.

For a grid size of 11 x 31 x 11 with single precision the program uses 220 kb of
RAM memory. A personal computer with matheratical coprocessor (Olivetti M 300)
and 640 kb RAM uses 450 seconds to solve the problem.
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6.5 Numerical results and verifications

6.5.1) Verification of numerical results for one dimensional case

Two parallel plates are placed a distance 1y from each other (see fig. 6.7). One of
the plates is grounded and the other one has the potential o [Volts]. Tt is assumed that
5 uniform distributed corona is emitting from the surface of the plate with potential gp.
With these geometrical and electrical boundary conditions the spatial electrodynamic
problem becomes one dimensional with the following analytical solution (see appendix

B)’

3
(6.31) ¢=— (“%)7 + %0,
1
(6.32) E = %'% (_%)E :
_3 poe 1
(633) p=z v V—Y .
oo b
(6.34) J=3 0? ,

for the potential field, electric field, space charge field and the current density field
respectively.

In the numerical solution to this problem we will look for the amount of current
density at the collector plate (y = ly = 150 mm) for different amount of space charge on
the emission electrode (plate). According to Eq.(6.33) the space charge has an unlimited
value on the discharge plate, therefore we choose to put the corona discharge next to
emission plate at the grid point y = 1 mm. The numerical results for different levels of
potential are plotted in fig. 6.8. Furthermore, from the analytical solution the amount of
current density (}y = 150 mm) for various potential levels are plotted in the same figure,
fig.6.8. At the infersection points between the numerical and the analytical results the
amount of current density for the numerical solutions equals the amount of current the

density for analytical solution.

As it can be concluded from fig. 6.9 and fig. 6.10, there is no significant difference
between the numerical and analytical solutions for potential field and the space charge
field distributions between the plates (go = 26 kV).

6.5.2)- Comparison of numerical resuls with experimental data

The DFM [58] laboratory precipitator facility, shown schematically in fig. 6.11, is
designed for investigation of the fundamental processes in a single stage wire-plate
precipitator under idealized conditions.

Discharge electrodes can be positioned in the vertical center plane of the duct and
with an electrode spacing of 1y = 100 mm. The design and the arrangement of the
axially—aligned barbed—wire electrodes are specified in fig. 6.12. The pin spacing I, is 100
mm and the electrode-collector distance ly is 150 mm. For later references the total
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Fig. 6.11 Schematic diagram of the DFM laboratory precipitator facility. 1: Air filter;
9. Screen; 3: Inlet contraction; 4: Test section; 5: Active precipitator test
Section; 6: OQutlet contraction; 7: High—voltage bus; 8: Mean current density

measuring plate, from [36].

! Axial direction ] ! _T_I mm dia.

1 3 mm ]
) I !
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|l 1
Fig. 6.12 Schematic diagram of design and arrangement of the axially—aligned Ca

electrodes, from [36].
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geometrical configuration will be denoted as CA-100/100 (Ca-l,/ly). The measured
current voltage characteristics for the CA-100/100 configuration is shown in fig. 6.13.
The mumerical calculations for the CA-100/100 electrodes concerning the potential field,
the electric field, and the space charge disiribution af the level of the discharge point is
illustrated in fig. 6.14-6.16. In this calculation the amount of corona space charge is
chosen such that the amount of the average current density at the collector plate
becomes the same as the measured value.

In order to justify the numerical results it is chosen to look at a measurable
quantity like the current density distribution on the collector plate. On the account of
the symmetry of the geometrical configurations the measurement is limited to an area of
three units of symmetry for the CA—100/100 electrodes (see fig. 6.17 for one unit of

symmetry ).

The measurements are performed on a copper—clad board used for printed
circuits. The board is segmented into a 16 x 6 matrix of 81 mm? copper—squares
separated by 1 mm wide isolating groves (see fig. 6.18). The positioning of the current
density measuring matrix is shown in fig. 6.19. :

Each of the segments is grounded through a 10 M} resistor and can be connected
to a low voltage measuring circuit via a 24—channel multiplexer as shown in fig. 6.20. A
Solarton 7151 computing multimeter is used to measure the voltage drop over the
effective resistance of each resistor with an input resistance of 10 M{} of the multimeter.
The average current density, assigned to each segment, is calculated by dividing the
mean voltage drop by the effective resistance of the measuring circuit and an effective

probe area of 100 mm?.

Figure 6.21—6.22 shows contour plot representing the measurements and the
caleulated current density distribution on the collector plate for two levels of imposed
potential voltage of 27 and 37 kV.

~ As it can be concluded from these results, there are very good agreement between
the measurements and the calculations for both levels and position of the contour lines
of the current density distribution except at the symmetry line between two unit areas
of symmetry. The mathematical reason for this discrepancy is the supposition of
symmetrical boundary condition for the potential field at the yz—plane between two unit
cells. Due to this boundary condition the electric field perpendicular to the plane
becomes zero, and therefore no space charge can be transported to this region (see fig.

6.15).

In order to reveal, whether the presence of measured current density in this
~ region stems from the unsteady nature of the negative corona discharge it is chosen to
look at the experimental data for positive corona discharge [59]. These data also show
existence of current density at the symmetry plane between two unit cells (see fig.
6.23—6.24) while the calculations indicate zero current density in this region as expected.
The contrast between the experimental data and the numerical solution indicates the
fact that there is a space charge in the region between two unit cells of symmetry. The
reason for this discrepancy may be explained by a theorem of ionic diffusion.

According to kinetic gas theory the impacts of charged gas molecules with other
molecules cause & fluctuating motion of charged gas molecules. The impacts are caused
by both molecular motions and the motion due to electric body forces acting on the
charged gas molecules, ions and free electrons in the space. Obviously the fluctuations of
charged gas molecules will locally change the potential distribution. Therefore due t0
these changes the electric field becomes locally unsteady and fluctuates with small
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amplitudes. These fluctuating motions of charged molecules combined with fluctuations
of the electric field causes a weak diffusion of space charge in the whole domain
including the region between the unit ceils.

Shaughnessy et al, [22] defines the sources of fluctuations to be the instantaneous
electric body force and the Trichel pulses. Furthermore [22] explains that with pulsed
energization, there is a substantial current density fluctuation which is directly related
to fluctuations of electric field and space charge field.

Let us assume that there is a correlation between the fluctuation of the space
charge and the electric field. These eorrelations can be mathematically modeled by
decomposing the instantaneous variations of the electric field and the space charge into
their mean and fluctuating components as,

(6.35) E=E+ B,

(6.36) ‘ p=p+p,
where over bars and primes denote time mean and fluctuating componentg, respectively.

Substituting the Eq.(6.35) and Eq.(6.36) into the governing equation, Eq.(6.8) and
taking the time average gives

63y V(ER+V(TE)=0.

It is seen that Eq.(6.37) is influenced by the fluctuations through the last term.
By using Fick's law analogy the fluctuating term may be modeled as _

(6.38) IE 5 =—D;-Vp,

where Ds is the diffusivity coefficient. Inserting Eq.(6.38), with D; = constant, into
Eq.(6.37) results in a new form for the space charge transport equation which contains
the contribution of fluctuations of the space charge,

(6.39) V-(JE7) = Di-V% .

By taking the divergence of the left hand side of this equation and including the
contribution of particle space charge as we did in section 6.2, we have

(640) UB-V5 + Hprt pp) L= D%

Equation 6.40 is solved numerically for the CA-100/100 electrode-plate configuration
(po = 37 kV) with different values for D where the result for D; = 1073 m2/s is

illustrated in fig. 6.25.

This figure shows very good agreement with the experimental data. It should be
mentioned that this improvement of the numerical results, has no significant influence
on the amount of average current density at the collector plate. Now it will be
interesting to find out, if this value for D; can be justified by physical interpretation.
First let us look at the most convenient description of D; through the theorem of
molecular diffusion. According to this theorem the diffusion coefficient may be defined
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)

(6.41) D; =

where v is the collision velocity of charge carriers, and A is the collision- path. The
collision path is the average distance between the gas molecules and it is a function of
the state of the gas. A for air at normal conditions is about 137 x 10°9 m. The charge
carrier velocity under the effect of an electric field is given by

(6.42) v=1E,

where b is the charge carriers mobility and E is the mean electric field between the
electrodes and the collector plate.

Using the gas ions mobility for air, b = 2.0 x 104 m2/Vs, with £ = 2.4 x 105 V/m,
then D; becomes 2.25 x 106 m2/s and using the mobility for electrons, be = 6.6 x 1072
m2/Vs, Dj becomes 0.75 x 1073 m2/s.

1t seems that Dj for electron diffusion is in close agreement with the numerically
estimated value. This agreement may be explained through the fact that electrons due
to their low mass may be the only particles following the high frequency fluctuations of

the electric field.

Furthermore, this concept, of ionic and electron fluctuation/diffusion may be used
in the case with a pulse energization technique, where the pulsing current induces
additionally fluctuations in the electric field and in the space charge. For this case the

level of D; may beeo_me higher.
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Fig. 6.29 Comparision between the measured (a) in present study and the calculated (b)
current density distribution at collector plate for one unit of symmetry with an
applied potential of 50 kV (electrodes, Fibulax 100/200). Contours of current

density in units of ftA/m?2.

41



Fig. 6.30 Comparision between the measured (a) in present study and the calculated {b)
current density distribution at collector plate for one unit of symmetry with an
applied potential of 50 kV (electrodes, Fibulax 100/300). Contours of current
density in units of fA/m?,
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Fig. 6.31 The patterns of collected dust at collector plate with Fibulax electrodes (a). The
dust patterns show the regions where the electric forces acts equivalent to

the current density patterns (b).



6.5.3) Comparision to other data

For further justification of numerical results the following comparisions with
experimental data are performed:

1) Comparision with two dimensional elecirode plate geomeiry for positive corona
discharge

Figure 6.26 shows the numerical results of current density distribution on
collector plate compared to experimental data for positive corona discharge, performed

by [59].

As it can be seen, the level of current density between two electrodes is improved
to a value identical to experimental measurements on fig. 6.24. '

2) Comparision with three—dimensional tuft corona discharge with Fibulaz electrodes

In order to examine the numerical program for a more complicated form of
electrode—collector geometry , it is chosen to verify the riumerical results with different
electrode spacing of the " Fibulax " electrodes. The geometry of this electrode and the
current—voltage characteristics for two different electrode spacing is shown in fig. 6.27

and fig. 6.28, respectively.

The comparision of both the patterns and the levels of current density
distribution show good agreement between the experimental meassurements and
numerical results, fig. 6.29 and fig. 6.30. This good agreement may further be supported
by comparision with the photographic picture of the patterns of precipitated particles on
the collector plate, fig. 6.31. These patterns show the regions, where the electric body
forces act. These forces are proportional to the current density, and the particle density
in these regions are proportional to the strength of electric forces. -

6.5.4) Effect of particle space charge

From the experimental data for current-voltage characteristics fig. 6.13, we
realize that the particle loading in an ESP, reduces the current density at the collector
plate. This is caused by the increase of potential in the region near the emission
electrode surface due to increase of the total space charge. The presence of charged
particles near the emission electrode, lowers the corona onset at the emission point. In
order to estimate the change of corona onset due to increase of particle space charge, the

following perturbation may be performed.

Let us assume that the over all changes in ionic space charge density, ps, electric
field, E, and current density, J, due to presence of particle space charge, pp, are:

pi=pi+ 0pi,
E=E+ E,
J=J+ 4.

Employing these equations in Eq.(6.14), it becomes
J+ 6J=[(p1 + Sp1)bit ppbp] (E + ¢E) .
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Using the balances V.E = pi/ o, J = pibil, and ignoring the contribution of the particle
current density due to their low mobility, this equation may be simplified to

(6.43) 6J = pibidE + 6pibiE .

From Eq.(6.2) we may write
V.(E + 6E) = (pi + Spit pp)/ €0

or .
V.0E = (8pit+ po)/ €0 -

Hence, by rearranging Eq.(6.43) in term of SE, we may write

(6.44) y. & _pf ;biE = (Bpi+ po)/ o -

Now, at the corona emission point the electric field equals the breakdown field,
the maximum attainable electric field in the whole region. According to section 6.6.3,
(when the potential is above corona start) the variation of the potential at the emission
slectrode does not show any influence on the level of this breackdown electric field.
Therefore, since the particle space charge also changes the potential level (relative to the
emission electrode), we may conclude that particle space charge does not influence the
electric field at the corona emission point as well. So, if we assume E = Ey at this point,
then the perturbation due to changes in current density and space charge density gives

(6.45) 8J = 6p;biEq.
Inserting this equation for 67 into Eq.(6.44) with E = Ey, then it becomes
Spit po _
€9
or
(6.46) bpi =~ pp -

Similar to the experimental data, the numerical results also show decreasing
mean current density Jm, for increasing particle space charge, sec fig.6.32 (applied
voltage 36 kV). As can be seen from this figure, a particle space charge of pp = 7.0 x 1076
C/m3 will decrease the amount of average current density from 300 to 225 pA/m? (bp =
5.0 x 1077 m2?/Vs). This is equivalent to the experimental data in fig. 6.13, which comes
from measurements on the DFM's Laboratory ESP with seeding particles of 1.2 pm In
diameter, an approximate average charge of 52.0 x 1018 C [60] and an average number
density of 6.4 x 10 m™3, which calculates to & particle space charge of 3.3 x 107 C/m3.
This value is about 2 times lower than the estimated value by the numerical
calculations. The discrepancy may come from the uncertainty in the measurements of
the number of particle density or the charge of the particles.

The number of particle density is measured by counting the number of LDA
doppler signals compared to the flow velocity within the measuring volume (Up = 1

m/s), fig. 6.33.
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6.5.5) Back corona due to high resistive dust layer at collector plate

Through many years the precipitation of high resistive dust has been one the
main problem for the industry and the ESP manufactures. The high resistive dust at the
collector plate interupts the charge flux to the metallic surface of the plate causing an
accumulation of free electrons within the dust layer. The charge accumulation within
the dust layer appears as corona glow in this region, known as "back corona". This
creates a local electric field repellig the precipitated dust from the surface of the dust

layer into the gas.

The dust layer formation at the collector plate isolates the conducting metallic
surface of the collector plate from the gas. This condition may be estimated numerically
by dividing the calculation domain into two zones where the first zone contains the gas
phase, while the second zone contains the dust layer phase. Now, from a physical point
of view, the only difference between these phases may come from the difference between
the material conductivity of these phases. Equation (6.7) for material electric
conductivity with considerable variations in the space charge, yields

oc="bp,

where b is the mobility of the charge carrier and p is the total space charge. According to
the definition, the electric conductivity of the materials has the following relationship

with the materials resistivity, R,

(6.47) o=

Employing Eq.(6.3)} and Eq.§6.6), then conservation of current for the interface
between the gas phase and the dust face yields, assuming steady state,

1
bipiE = Raust Edust
(838

1 Edust
(6.49) % = Ruos ’

And the mobility inside the dust layer (E = Egyst) becomes

1
(6.50) baust = “R— 0 -

If the dust conductivity were the same as the gas conductivity, then there would
be no difference between the mobility of the dust phase and the mobility of the gas
phase. This situation refers to the case where the collector plates are clean. But, if the
dust layer becomes less conductive (higher resistivity) than the gas phase, then
according to Eq.(6.50) the dust phase mobility becomes lower than the gas mobility.
This situation is simulated numerically using Eq.(6.49) and Eq.(6.50) for an
axisymmetrical wire—cylinder ESP. The results for the electric field and the space
charge field variations are shown in fig. 6.34a and 6.34b, respectively. As it can be seen
from these figures, the amount of space charge and the electric field strength increases
dramatically at the interface zone causing a high concentration of ions in this region

(back corona).

Further numerical simulations show how the main parameters affecting the back
corona phenomena are the current density and the dust resistivity. The increase of
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Fig. 6.34
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current density increases the amount of the ionic space charge which in turn will
increase the gas phase conductivity. The back corona occurs as soon as the gas phase
conductivity becomes larger than that of the dust phase. Similar to this mechanism, the
increase of dust layer resistivity shows the same effect as the increase of current density
does. In this, the high dust resistivity lowers the dust phase conductivity relative to the

gas phase which leads to the back corona.

The last thing to mention is that the dust layer thickness does not show any
influence on the back corona phenomenon. This claim may be supported by the fact that
the dust conductivity only depends on the dust chemical compositions. But the
contradition between this result and the experimental data published by different
authors may be explained by the following words: when the particles accumulate at the
collector plate, the gas molecules are captured between the dust particles making a
porous two component dust—gas phase. The conductivity of this dust—gas phase is more
and more dominated by the dust phase as the number of particles in dust layer
increases, which leads to the back corona in the case with high resistive dust.

Since the back corona is a complex area in electrostatics, a more basic
investigation of this phenomenon may be necessary to insure the results. Therefore the
numerical model of this problem will not be included in the present work.

6.6 Current—charge and potential-charge relations

6.6.1) Current density—corona space charge characteristics

It is interesting to see the relationship between the average current density at
collector plate Jm, and the amount of space charge at the corona point po. In this
connection the following experimental data are examined:

1) Negative corona discharge with tufls

Numerical results for the Jm—py characteristics for the CA—100/100 and the
Fibulax electrodes for different levels of potential is shown in fig. 6.35 and fig. 6.36

respectively.

By plotting the amounts of current density for each potential level (taken from
experimental date for current—voltage characteristics, fig. 6.13 and fig. 6.28) on the
numerical Tesults for the Jm—pp characteristic curves, a linear relationship between the
corona space charge and current density at the collector plate is observed. Furthermore,
a3 can be seen from fig. 6.35, the slope of the line becomes steeper with decreasing

electrode to electrode spacing.

2) Negative and positive corona discharge for barbed wires

These experiments were made by [8] for a wire—plate geometry of Iy = 0.05 m and
1, = 0.025 m. The current—voltage characteristic for both negative and positive corona is
SilOWIl in fig. 6.37. Plotting these experimental data on the numerical results for the
Jm-po characteristics (fig. 6.38) the results indicate a linear relationship between the
current density and the space charge for the negative corona discharge, while this
relationship becomes nonlinear for positive corona discharge.
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Furthermore, the experimental data made by [32] for positive corona discharge
for a wire—plate geometry of ly = l, = 0.1143 m are examined. Plotting the
current-voltage characteristics (fig. 6.39) on the numerical results for the Jm—po
characteristics (fig. 6.40), the result indicate a nonlinear Jy—po relationship.

6.6.2) Space charge—potential characteristics

The relationship between po and o for all the cases in section 6.6.1 are shown in
fig. 6.41—6.43. The results indicate a linear relation between the corona space charge and
potential in those cases with positive corona discharge, while this relationship becomes
nonlinear for negative corona discharge regardiess whether tuft electrodes or barbed

wires are used.

6.6.3) Implication of observations

In the cases with negative corona discharge, there is a linear relationship between
the current density and the corona space charge, which may be e_xpr_essed as

(6.51) J;ﬂ = & - p[) N
where « is the slope of the line.

According to Eq.(6.8) the amount of current density from electrode to collector
plate remains constant. Therefore we may write

(6.52) Jn= b+ Eo - po,
$0
(6.53) o= bi- Eo,

where Eg is the corona electric field, (g%)ﬂ and b; is the ion mobility at the corona point.

Assuming b; ~ constant will limit the clectric field to Eq ~ constant. This means, that
there will be no changes in the level of Eq by going from one level of potential to
another. A possible explanation may be that the level of the electric field at the
electrode depends on the amount of the induced space charge around the electrode.
When the potential is raised, the amount of the space charge around the electrode will
also increase. The increase of the space charge around the electrode, may cause the
increase of potential in this region, which in turn may limit the electric field and hold it

constant at the electrode.

For the cases with positive corona discharge there is no linear relationship
between the current density and corona space charge, but instead the relationship
hetween the corona space charge, po, and the applied potential, ¢, becomes linear,

(6.54) po = B (o= ¥s)

where § is the slope of the line and ¢s is the corona start potential. It should be
mentioned that this linear relationship occurs, when the discharge electrodes are thin. In
this case the assumption of point—form corona discharge in the numerical discretization,
becomes physically correct due to electrode geometry. For thick electrodes this linear
relationship is not valid any more (see fig. 6.43). Notice that Eq.(6.54) is equivalent t0
Eq.(6.33) for the one dimensional analytical model in the plate to plate configuration.
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6.7 Conclusion and recommendations

The main mechanism in electrostatic precipitation of particulate matters in
industrial gases is the electrical forces in the system. Therefore, it i3 necessary to have
an accurate calculation of the electrical conditions in order to determine the efficiency.
The electric field in a commercial ESP is three—dimensional and is strongly affected by
the geometrical configuration and the variable boundary conditions due to presence of
charged particles in the gas or dust layer at the collector plate. Therefore, a useful
predicting model must include these parameters and should be able to handle the
variation of them. A simple numerical method is developed to calculate the
three—dimensional electrodynamic conditions, able to take the contribution of the
spatial particle space charge variation along the ESP into account. In chapter 8 we will
show that the contribution of the particle space charge has strong influence on the
current density and the efficiency. This numerical method has made it possible to obtain
accurate numerical solutions for complex physical and geometrical problems. All the
existing models ignore the particle space charge effects and most of them treat the
positive corona discharge due to simple well defined mathematical problems of
two—dimensional "wire to plate" or "point to plate" electrode—collector geometries.

The model is able to calculate the electrical conditions where the pulse
energization technique may be applied. Here, the microscopic fluctuation of the electric
field and the space charge field are molded as the ionic diffusion flux. Beside this, the
calculations. indicate that the ionic diffusion as a natural phenomenon changes the
electrical conditions at the interface between the symmetrical cells. This has been
examined through comparison of the measured current density with the numerical

calculation results.
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Using simple numerical algorithms on an equidistant grid has made it possible to
reduces the calculation time and numerical operations which in turn minimize the
numerical errors and maximize the accuracy of the results.

In the lack of a convenient mathematical model in calculation of corona—space
charge condition, the model uses the experimental data for current—voltage
characteristics in order to calculate the amount of space charge at the corona point. The
current—voltage characteristics are taken from laboratory measurements for different
electrode—plate geometrical configurations. It should be mentioned that the amount of
corona discharge changes by changing any parameters in the system, therefore as long as
there is not a convenient model for prediction of the corona discharge, it is limited to
finvestigate the other parameters' influence on the system independently of experimental

ata.
An aralytical model problem for a plate to plate geometry is developed to verify the
numerical results. Furthermore, the meassurements of current density distribution at
collector plate supports the verification of the numerical results for both two and
three—dimentional cases. The measurements for two dimensional wire—plate ESPs are
taken from [8,32,61]. The verifications show very good agreement with the analytical
model problem and the experimental data.

The particle—space charge reduces the ionic space charge and hence the current
density at the collector plate. This is the general behavior of the system with strong
influence on the ESPs efficiency. Through laboratory LDA meassurements, an estimated
particle—space charge is used to verify the numerical results. The comparison between
the numerical results and the measurements shows close agreement.

A numerical method is developed to investigate the back corona phenomena. The
back corona phenomena occur when the dust layer—phase conductivity becomes lower
than the gas phase conductivity and causing an accumulation of charges at the surface of
the dust layer. The numerical results show a qualitative agreement with the predicted
physical behavior. Furthermore, the calenlations show that the dust layer thickness does
not have any influence on the back corona, but this may alsc be examined for the case
when the dust layer assumes to be porous of a gas—dust phase composition.

As it is mentioned before, the amount of the corona onset in numerical
calculations must be determined from experimental data for current—voltage
characteristics. In order to make the calculations independent of experimental data, the
following relationships for balance between the imposed potential, the current density,
and the corona discharge at the emission electrode are established:

There is a linear relation between the corona space charge and the current density at
collector plate for negative corona discharge and there is another linear relation between
the corona space charge and the onset potential for positive corona discharge.
Furthermore, assuming the gas mobility to be constant at the corona point, the linear
relationship between the corona space charge and current density for negative discharge
will limit the electric field at the discharge point.

Since these linear relationships for the negative as well as the positive corona discharge
have not been known before, further investigation is needed from a microscopic point of

view to explain their origin.

The influence of electrode spacing on corona space charge is examined on the
"Fibulax" electrodes. The results show decreasing corona discharge and current density
at the collector plate with decreasing electrode spacing. But, this result may not be the
general behavior of the system, since the experimental data for current—voltage
characteristics indicates that there is an optimum electrode spacing for which the
current density at collector plate becomes maximum.
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For further improvement of this numerical program the following activities

should be performed:

1—

In order to make the calculations independent of experimental data, the corona
discharge and corona start potential may be modeled mathematically from a
raicroscopic point of view. This should refer to further investigations on the
relations between the corona space charge, current density and applied potential
for both positive and negative corona discharge.

Investigation of the gas mobility variations due to temperature, humidity,
chemical compositions, plasma state, etc.

Further investigation of the back corona phenomena in relation to dust resistivity
and current density.

Investigation of the influence of electrode spacing, tuft corona spacing, coliector
plate with baffles, and other geometrical configurations on the induced current

density.
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7  Electro-fluid-dynamics of ESP

The transport of particles inside the ESP is governed by both the gas flow and
the electrical forces on charged particles. These are the main mechanisms in
precipitation processes and should be given particular attention.

The flow field inside ESP is influenced by both the electrodynamics of ionized gas
under the effect of electric field and the geometrical configurations. The nonuniform
electric field between the emission electrodes and the collector plate acts on ionized gas
causing deformation of the flow field, inducing secondary flows and turbulence in the

bulk.

The creation and the stability of electrodynamic flows depends on the electrical
Froude number, the ratio of fluid inertia to electrical forces, {8] and [62],

2
(7.1) Fe = %5“’7%—32 .
: m 1

Here, pr is the gas density, Up the axial bulk velocity, Jn the mean current density, &; is
the ion mobility, and d the electrode to collector distance. '

Tt is found that the appearance of secondary flows depends strongly- on -the
magnitude of this number and becomes significant when the Froude number is less than
2.0, [8]. Larsen [62] has investigated the nature of secondary flows in negative tuft
corona discharge with CA—100/100 electrode collector geometry (fig. 6.12 and 7.1)
concluding that the ordered secondary flows of axial vorticity depends on the polarity
and the geometry of wire electrodes. Furthermore [50] has investigated the development
of axial Tolls analytically, numerically and experimentally concluding that the ordered
axial rolls will break down after getting fully developed and after the Kinetic energy
associated with rolls dissipates in form of turbulent velocity fluctuations. The secondary
flows and the induced turbulence due to these have a strong influence on particle
transport in ESP (see [1] to [10] and [35]), hence the influencing parameters must be

investigated.

The following sections concern experimental and numerical investigations of the
electric field influence on the ionized gas flow, the turbulence production, and the
charged particle motion using a model ESP of laboratory scale.

The measurments are performed on CA—100/100 and Fibulax electrodes with
geometrical configurations shown in fig. 7.1 and fig. 7.2.

It should be mentioned that, the CA—106/100 electrodes have been used only in
laboratory investigations [62], [64], and [66] while Fibulax electrodes are widely being
used in commercial ESPs [53].

7.1 Measurements on laboratory scale ESP

The experimental facilities concerning the channel construction and flow
characteristics has already been explained in chap. 6, therefore it will be sufficient to
give a short explanation on LDA~facilities.
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Fig. 7.2 The electrode—collector configuration in labratory scale ESP for Fibulax elecirodes.
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7.1.1) LDA—facilities

An LDA~system, including a two—color spectra physics 165—03 argon—ion laser
and 2 DISA 55x modular optical unit, is used to obtain axial and transversal velocity
components of seeding particles. A frequency shifter combined with a 40 MHz Bragg cell

“allows for measurement of both negative and positive velocities. Bias—free residence—~

time averaged first and second moments of velocities with an estimated uncertainty of
9% and 5%, respectively, are calculated. The LDA—optics are placed on a rigid
traversing bench, allowing for three—dimensional positioning of the measuring volume.
Aerosol particles generated by atomizing glycerin serve as seeding particles. Mean
aerodynamic diameters of 1.2 ym for the aerosol particles are found using an INSITEC

Particle Conter Sizer Velocimeter, see App.C.

7.1.2) Measurements with CA—100/100 electrodes

The LDA measurements with CA-—100/100 electrode geometry reveal secondary
flow of axial rolls when the Froude number becomes smaller than the critical value (Fe
< 2.0), fig. 7.3. The secondary flows of axial rolls may be detected by traversing in
vertical direction in between the electrodes and the collector plate. Figure 7.4 shows the
variation of axial roll strength in flow direction at the level of corona tufts. Due to
geometrical symmetry conditions, the axial rolls are periodic in vertical direction with
alternating vorticity direction. As it can be seen from fig. 7.4 the roll strength

.(maximum transversal velocity component) decreases after it becomes fully developed

snd at the same time the turbulence level begin to rise. The turbulence level reaches
maximum after the roll strength begins to break down and it becomes constant while the

rolls strength undulates to a lower value.

Figure 7.5 shows the vertical traversing in six different axial positions. As it can
be seen, the flow continuity will be satisfied within each roll if the zero line were moved
to the right by about 0.1 m/s for all the cases. This discrepancy in flow continuity is
caused by the particle electrical drift velocity toward the collector plate which will be

discussed later.

7.1.3) Measurements with Fibulax electrodes

The measurements with Fibulax electrodes are performed downstream after the -
fourth electrode at the plane shown cross—hatched in fig. 7.2.

Figure 7.6a and 7.6b show the velocity vector plot for Fibulax electrodes at zero
and 50 kV potential levels with a bulk flow of 1.0 m/s. Comparision of these figures
indicates a deformation of the flow field due to electric forces which act on the ionized

gas and the charged particles.

The vertical traversing in two different axial positions shown in fig. 7.7 indicates
that the axial vorticity field of electrical forces does not generate regular axial rolls of
secondary flows. But, there are some transversal deformations of the flow field which
may have a spatial three dimentional patterns. These three dimensional patterns are
discussed by [18], [63] and [64], and will be discussed in the next section.

The turbulence sources in ESP are discussed by [19], [46], and [50], where [50}
concludes that the space charge fluctuations have minor influence on generation o
turbulence compared to what velocity gradients due to secondary flows generates.
Furthermore, |[50] concludes that the flow turbulence in absence of secondary flows stem
from the electrical production and the vorticity due to boundary layer formation at the
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electrode (Ug = 1.0 m/s , g = 50 kV) within three vertical units of symetry in two
different axial positions, x = 1050 mm and x = 1200 mm (y = 75 mm). This
positions are indicated in fig. 7.2. '

collectig wall and the wake behind the electrode body.

Figure 7.8 shows the turbulence levels associated with particle velocity
fluctuations between the electrodes and the collector plate for two cases with zero and
50 kV imposed voltage. According to these experiments there is no significant increase
in the turbulence level when the system is imposed by a potential of 50 kv. This may be
explained by the fact that the Fibulax electrodes do not generate any significant form of
secondary flows which may induce vorticity sources in the bulk, and therefore the
turbulence level keeps low. Furthermore, these figures show that the turbulence is not
homogeneous for u and v—momentum and, as it is expected, the level of turbulence is
maximum behind the electrodes for both cases.

The turbulence level for u—momentum becomes quite low at a distance of 30 mm
from the collecting wall and then begin to rise as it nears the wall due to growth of the
boundary layer in the mean flow. '

Figure 7.9 shows the measurements of probability density distribution of
transversal velocity fluctuations of particles at three different distance from the
collecting wall. The purpose of this experimet is to detect the negative particle flux from
the wall back into the bulk flow. The negative particle flux occurs when precipitated
particles re—enter into the mean flow. However, these measurements do not indicated
any negative flux for liquid seeding particles. The re—entrainment of solid particles due
to back corona and other electrical phenomena is an actual problem which has been

reported [53].
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three different distances, 30, 10, and 2 mm from the collecting wall.
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7.1.3) Interpretation of LDA—data

A) Velocity
Particle motion inside the ESP is dominated by both the particle inertial, viscous

forces, and the electrical Coulomb forces between the charged particles and the induced
electric field,

(7.2) Vp = Vf + Ve,
where vp is the particle velocity, vr is the fluid velocity and ve is the electrical drift
velocity of the particle relative to the fluid, assuming the turbulent diffusion velocity to
be negligible.

Since. the LDA—data represents the velocity of seeding particles, the electrical

drift velocity of particles must be subtracted from the LDA—data to obtain the fluid

velocity field, vs.
The particle electric drift velocity is defined as

(7.3) Ve = pr .

the production of particle mobility 8p (which depends on particle size and charge {60],
see also Chap. 8) and the local electric field, E. Furthermore, as it was_defined in chap.1

the particle mobility can be calculated from

(7.4) b = Frigrg,

where ¢ is the particle charge, 4 the gas viscosity, and dp the particle diameter.

The saturation charge measurements at 215 uAfm? averaged current density of
particles of submicron size performed by [60] leads to the following approximation for ¢
as a function of particle diameter,

(7.5) g=12x107% (g™ [d ,

where dp is in meter. Inserting this equation into Eq.(7.4), then (for p = 18.5 x 1070
kg/ms) follows

(1.6) bp = 6.8 x 1075 (dp)* ™ [m2/v4],

By inserting the measured particle mean diameter of 1.2 ym into Eq.(7.6), the

particle mean mobility, bp, becomes 2.5 x 1077 m?/Vs. Inserting this value into Eq.(7.3)
and employing the electric field of fibulax electrodes from the calculations in the
foregoing chapter, then the result will be the electrical migration velocity field for a
particles of 1.2 pm in diameter shown in fig.7.10a. Now, it is possible to obtain the fluid

velocity field from v = vp + Ve.

Fig.7.10b (same as fig.7.6b) shows the velocity vector plot of LDA—data of
seeding particles (at the plane shown cross—hatched in fig. 7.2), and fig. 7.10c shows the
resulting fluid velocity field vy of the same plane, obtained by subtracting data of fig.

7.10a from those of fig. 7.10b.
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Fig. 7.10 Result for periodic unit cell of horizontal cross—hatched plate shown in fig.7.2. Case
of 50 kV.
a) Particle derift velocity vector field Ve (largest arrow equals 0.5 m/s), computed
from electric field for 2.5 gm dia. particle.
b) Experimental velocity vector field of seeding particles by LDA.
¢) Resulting velocity vector field of gas motion, from (b}—(2), (largest arrow in b
and ¢ equals 1.17 m/s).
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B) Turbulence

The turbulence fluctuations of - particles of submicron size stem from the
fluctuating motion of the fluid and the fluctuating electric drift velocity due to changes

in particle mobility,
(7.7) _ vp=Vi+ Ve,

where vl'), v}, and v} denote the fluctuating parts of the mean values.
The changes in particle mobility depend on particle diameter (Eq.(7.8)), therefore
particles with different size have different electrical drift velocity in the measuring
volume and these velocity fluctuations will be precived as turbulence by the
LDA—system [51]. This is a kind of false turbulence additional to the turbulence due to
the fluid velocity fluctuation. In order to find the magnitude of it, the following

estimation can be performed:
statistically the rms velocity may be defined as,

(7.8) vi=| Vo= vyl

where v,; is the insantaneous value of velocity.

Inserting Eq.(7.6) and Eq.(7.3) into Eq.(7.8), then gives

(7.9) V.= | 68 x 10°Ey (@ dpi™) | -

here dp and dpj are the mean value and an arbitrary value of particle diameter in the
measuring volume. Furthermore, the particle diameter statistically may be defined [31]

as,

(7-10) dp] = ap + 03,

where o is the square root of the variance of particle size distribution function.
Assuming that the size of particles are Gaussian distributed, o is defined as

' (A —TAN2/202
(7.11) agzjz(dpj—ap)zvé—wr—gge (dpj — &o)?/20% 44,

which is the "erf" distribution function with following solution
(7.12) 02=050%,
where g is the geometric standard deviation of the particle size distribution.

According to measurements in appendix C, the particle mean diameter, d50% is

1.20 pm and d8 41% is 1.45 um where the geometric standard deviation may be found as
d84 1% _ 145
(7.13) og = a——'—":—l'TO: 1.208 .
50% ’
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Fig. 7.11 Two stage precipitator with four charging electrodes spaced 100 mm apart a
distance of 1000 mm upstteam and a smooth plate—eclectrode parallel to the

collector wall. These two stages are kept at the same D.C. potential and the bulk .

flow is 1.0 m/s.

Inserting this value into Eq.(7.12 to 7.9}, the false velocity fluctuation becomes,
v! = 0.029 and 0.041 m/s, for uniform fields of 2.4 and 3.3 kV/cm respectively. Hence, the

false turbulence due to particle size has small influence on turbulence level and this may
also be confirmed by experiments. To demonstrate this fact, it is arranged a two stages
ESP consisting of a charging field by the inlet of the channel and a known uniform
electric field between a plate—electrode parallel to collecting wall, 1.0 meter downstream
for the charging stage, see fig. 7.11. These two stages are connected to the same energy
source, so if there will be any increase in turbulence intensity at the second stage with
the uniform electric field, then it may be detected by removing the plate electrode and
doing the measurements at the same place again.

The measurements are made exactly at Iy/2, between the plate—electrode and the
collector wall, since simple analytical analysis (appendix.D) shows that at this region
the influence of space charge due to particle charge on the electric field is eliminated and
the electric field equals the ratio of imposed potential to the distance between collecting
wall and the plate, wo/ly. Furthermore, the measurements are performed in different
vertical positions in order to eliminate the influence of any transversal deformation of
the flow field downstream of the charging stage. Referring to these measurements shown
in fig. 7.12, then it can be concluded that there is no significant change in turbulence
level caused by particle size changes in the measuring volume of the LDA-system.
Figure (7.13) shows the measured electrical drift velocity of particles in the uniform
clectric Held. The result of these measurements suggests a mean particle mobility of

Bp = 4.17 x 10°7 m2/Vs. Inserting the experimentally found value for bp into Eq.(7.6), the

mean particle diameter may be estimated to do = 2.4 pm. The discrepancy between the
estimated and the measured particle middle diameter may be explained by the fact that
the present LDA—system is not able to detect the signals coming from the particles
under a certain size, hence the distribution function for the measured particles by
LDA—systemn is not gaussian distributed and therefore the mean particle diameter
becomes larger since the contribution of small particles is not detected.
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7.2 Numerical calculation of flow arrangement

The flow field in negative tuft corona discharge may have three dimensional
patterns due to the nonuniform electric field inducing vorticity sources of complex three
dimensional structures. In this part the numerical calculations of the flow field for
CA—100/100 and Fibulax electrodes will be explained and the results will be discussed
and compared to the measurements from the foregoing section.

7.2.1) Calculations on CA—100/100 electrodes

[64] considers an approximated three dimensional harmonic distribution of
electrical body forces for CA—100/160 electrode—collector configuration in order to
investigate the resulting three dimensional flow field due to these forces. These
calculations indicate that the spatial structure of the flow field within a symmetrical cell
(fig. 7.14 and fig. 7.15) strongly depends on the imposed bulk flow, and hence the
magnitude of Froude number, Fe.

The vortex structure at zero bulk is illustrated in fig. 7.16. As it has been
discussed by [50], the turbulence level directly depends on the surviving and the stability
of these vortex structures in bulk flow. This may be supported by the experiments
shown in fig. 7.17 where the turbulence level depends on both bulk flow and the imposed
~voltage on the system. The Froude number increases by increasing the bulk flow, hence

~ the secondary flows disappear and the turbulence level decreases.

7.2.2) Two dimensional flow solver (TEACH-Z)

At Fe >> 1, the three~dimensional numerical simulations show a regular pattern
of secondary flow in form of axial rolls identical to experimental data in fig. 7.3 and fig.
7.4. These regular rolls of axial vorticity have also been reported by [65] and [50] and
many others at AFM, Technical University of Denmark. Furthermore, the calculations
of vorticity fields of electrical body forces indicate that the axial component is the
strongest (Qx = 72, Qy = —39, Q; = 42 N/m*). Therefore, for further investigations, a
two dimensional flow solver computer—code (Teach—Z) has been adopted to verify the
influence of axial vorticity on the development of axial rolls.

The code solves the incompressible time—averaged Navier—Stokes equations using
finite volume discretization method [68] where the PISO algorithm relates the mass
conservation to the pressure correction equation in determination of the pressure field

[69].

The electrical body forces in yz—plane (the plane containing the recirculating
region) come from the three dimensional calculations of the electric %eld and the space
charge field for CA—100/100 electrodes from the foregoing chapter. These forces are
integrated in axial direction and then the averaged values have been used. There is fully
slip . conditions at the collecting wall and symmetry conditions at the other boundaries.
This has been justified elsewhere [62].

Figure 7.18 shows the calculated results for the recirculating flow field of axial
vorticity with maximum roll strength of 0.33 m/s estimated through assumption of
constant eddy diffusivity, v, = 50 x ». This magnitude of roll strength is the same as

measured value for fully developed rolls 1.5 m downstream of the channel (see fig. 7.4).
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il Fig. 7.16 . Inferred topology of vortex structure at Uo = 0 m/s. Electrode at E.
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7.2.2) Calculations on Fibulax electrodes

The Fibulax electrodes have been used in precipitation of cement dust in
industrial ESPs. Therefore, it is the aim of the present study to investigate the flow
arrangement and later the particle transport in ESP using the Fibulax electrodes as the

emission device.

The flow measurements with Fibulax electrodes indicates that the nonuniform
electric field of axial vorticity does not induce any form of axial rolls except some weak
deformations of the velocity field in vertical direction. However, the calculations of
vorticity fields of electrical body forces indicate that the axial and the transversal
components are stronger than the vertical component, (Qz = 43, Oy = 45, 3, = 33
N/m#). The bulky electrodes generate wide wakes with significant amount of z—vorticity.
This ‘may explain why electrical vorticity sources in x and y do not derive regular
secondary flows. Also, it justifies fucusing attention on the two dimensional flow field in
xy—pane. So, it is enough to calculate the flow field in two dimensions at the plane
containing the electrodes body and the collector plate where the electrodes body will be
approximated by square profile. Furthermore, the logarithmic wall law [33] is employed
to model the slip velocity near the collecting plate and the electrode body. According to
this law the slip velocity near the wall may be approximated by the following equation,

(7.14) | Ugip = yreu, for y*<5 ,
where y* = yw-u}/ v, yw is the distance from the wall, and u_ is the friction velocity

defined as

(7.15) = 5‘5)1/2 .
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Here 7 is the shear force at the wall defined as
(7.16) re=pu-9

where p is the dynamic viscosity of the fluid and n is the normal to the wall.

Jn order to have an estimate for y* the magnitude of 7w may be found through
adoption of the empirical relationship [33] between the friction factor fy, and Reynolds

number, Re (= Upd/v), where

(7.17) £, = 03164 R/, 5x108 < Re < 3% 10%.

For Uy = 1.0 m/s, v = 15.7 x 106 m?/s ,and d = 0.15 m ,hence the Reynolds
number becomes 104, so f; = 0.032. This factor has the following relation with L,

(7.18) u_=Up (-7

Inserting the empirically found value of fn into Eq.(7.18) leads to u_ = 6.3 x 102
m/s hence, y* = 4.0 at a distance of 1.0 mm from the wall.

Furthermore, it is possible to employ periodic boundary conditions since both the
geometrical configurations and the electric field are periodic in axial direction. When
periodic boundary conditions are needed, a grid as illustrated by the cross—sectional
view in fig. 7.19 is employed. This grid contains an extra plane of cells adjoining the
outflow boundary which are identical with the plane adjoining the inflow boundary. The
cyclic conditions are implemented in each integration by transferring the calculated
values at the plane OO to the inflow plane I and those at plane IT to the outflow plane
0. Uniqueness of the solution is produced by adjusting the inflow and outflow velocities
to a given prespecified mean velocity. Figure 7.20 shows the calculation results which
may be compared with experimental data from fig. 7.62 with zero potential at the
clectrodes. As it can be seen from comparison of these figures, there is a reasonable
agreement between the calculated and the experimental data. However the discrepancy
in the magnitude of the velocities at the region between the electrodes may stem from
the turbulence behind the electrode body.

Figure 7.21a to 7.21d show the caleulated results for an imposed potential of 30
1V on the electrodes with Up = 0.0, Up = 0.3, Up = 0.6, and Uy = 1.0 m/s. It should be
mentioned that, this time, the electrical body forces are integrated in vertical direction
in order to concentrate the spatial effect of the electric field at the calculation plane. As
it can be seen, the nonuniform electric field causes two equal recirculating flow field of
vertical vorticities up and downstream of the electrode in absence of the imposed bulk
flow. These two recirculating regions disappear as the magnitude of the imposed bulk
flow becomes bigger than 0.6 m/s where the Froude number also becomes bigger than
2.0, the critical value. Notice that, by increasing the bulk velocity, the recirculating field
upstream of the electrode moves toward the wall and the axial velocity becomes weak
next to the wall, fig.21d. This may also be confirmed by measured data from fig.7.10c.
However, it may be concluded that a three dimensional flow calculation with turbulence
modeling may still be necessary to achieve better agreement with the experimental data.

76



l

z
I I . 00 O - _Electrode l
"@' =] ‘@“‘ [

Wall [

Fig. 7.19 Cross—sectional view of grid arrangement employed in connection wit pertodic
boundary conditions.

e I e S St TES e e .
-—:r—-f:"—e——u——u——-l——-u-m-g——u-—ﬁ——d-——dl——ol——ﬂ——ﬂr—T
e e e e e =T S e TR S SSmwe e e T
—:5'—:7—'?'—_f—'.'—-“—1'"_:‘"—2r—1*“1"'—_*—_:f—.'—'1'“~."
——P——;——i——ﬂ—-—.——ﬁ-—ﬁa——&-—dﬁ———iu——_ﬁ——d_-—lfe——:h-—i——l-
-—-s——a——&-—:r—:"-—:r—:*—':f-—?—?—i-—x——&——-@--—-{——n—
—r - = o T e T e e T ST e T T

-—.r—r—fr-——r—?—i““—ﬂr—?—%"-tr—f'—.-‘“—.r—.f_tﬂ"—_r !
—_— e —E e =i — M ——Er I % et S —— 5 e o e T
—r e R e = T T T o5y S ——fe e e e e
A i e iy o
— 3 ——— ——r R e =T e —E T TR T OB o TTEe
g ——— — e A e T e e D TTuRe T T e T

. et T — T T TR e el T S TR g T T r

-T—'?—E-‘“"ﬁ'—?—?—‘f"—'?_?—'?'—‘!"—-ﬁ‘—_——:"—:——*:* i
o i A e e T T e T e — 3 o T e
e o T T e T =TT T el e S A S A R
—{-——i——.ﬂ'——.r—%'—‘?—ﬂ'—’?'—f:——_r—-jrﬂﬁp-—-sn—f——y—?
g e i e T N T e g g TR e TR T
— — g - P T W g g, T T T T T
e — e e =T S e g T T e T

s e e T e =T e g, g S I W T A [
e, e e e e — S T SEE, ety T oG I TR Teie T
—p —em e e S e—Ee =TT S el am e e e e T
oy e e T =T — § H - B s

—r D RS S R N = - - - - —* = {

A [

[

L

Fig. 7.20 Velocity vector plot from two dimensional calculation at horizontal plane shown [

cross—hatched in fig.7.2 with zero imposed potential on the electrodes. [

77



_ sfu QT =on (ppue 'gQ = on {o'¢g0 =
on {q ‘00 = on (e ‘sepoxyoepe a1y wo [enpuejod pasodurt AY g yim 'L Sy ut paypyey—ssors £q umoys

@ﬂ.m—m_ ._.muﬂON_.HO; e suoteIno[Rd ~@H~Omm2®5_—v oM jilenys muOMQ J0%03A %amooﬁv\f _..N.N. ,wqr‘H
(p (®
/
\ \
e e el e — - e e | e e e e A T - - . - L Ve
e sl T . i S . - A S S e M e A e e - e S
T e T e e, e M s e e - i,
M e e e e O e g A e Ao e s ol e e e e e i 7 o- p A B e s A
ot e e s W T o i b i _
e i iy o e s W HHM.!\..»T)..&.]I ——r = e ..n].lluri;l-!l.‘!lf.-‘{.cl\fﬁ*.\ttl?i?.h]
e e o s M e e i R e Al . K
e e e e 4 el s e e s T T e T
e e e A e e e T T T T T T ST o e e e W, B e
e e T M o e e v e e e e e At b M gt ppeer e o
e L R s B B s M e i oy b i e e e e A W, W, T, e N
e e e W N M e T e e o e T e = T e i e i s e
e i e e A M e Ny i e i el W i gl il e e A e~ Bl A s s o . X
e e Tt St e e W M e bl A R b A o st - o i e W, Yo e e - N
i i e M . Wy~ S s i Mt pe m omt e mnreA e - T e — S et e b R alr— apr—
i e A e, R M v, e Bk . s aln e B MM b - e e e o A v i b aben
e it i e T A i s i+ e e e e S o o - - I aa
it b S o M AL P R Ml s e M e i ae— RETEN CNENE - e e M e T a2
”z}l?l.lulirl}rlﬁafirFirirjurllrlirrkl.nﬂ!a\?I o e e e
PP - = il - - e e W Al — g - B AT, L R S e— ol
B e ot g Rt L SR SURpR SRR Sy . - e e e D e i A i
A N N I e T e e A e e
A e . e e i i e i e i A e T o, Wy i e A e R o
A e R W e o o oo A o e o e \p\\\n Py . P
“k\i}t«&!fllllflhl.ﬁlf..r.t:?nllk\h I i e e e e
e e e e e s - b
N e SN S S U S M= e e = e o == e oo a a g

78

?????? y S . i ~, ~ -
oL N e Lo T Lo TN N T
A NN I NI I e TN F T TN
J N N L T T T T A A ;o ~ %\ R S
MmN NN - \ﬁm\ AR SN
» - s - - A
.!...-I.!..IftJ// \.\q\ Lo A /
L N NN NS AR SN
- - - . TS et u S Vo (|
. - M E .
NN PR AR B R INNE.
P e T s e ey y o~ Ty
..\\\t:f#}#f{.fd}..flk]kﬁ&t\\\\ /ffr\,.\\b_#//.!.s\.-\
\K\ﬁ!mr.fﬂ:f...lbt..ﬂmy\.i\ //.45.\.,“_.,./ﬂ.f..t\
P e M el e e e e e o | Yoot e T s L S T T -
o . AN N e el e e e e e e -~ I N Ta e ew L T T
, e e a s ke e o e R A em e e . B




73  (Conclusion and recommendations

The flow of particulate gas along the ESP is dominated by the electric field and

the geometrical configurations of clectrodes and collector plates. The flow patterns and
the turbulence diffusion affect the spatial particle concentration which strongly
influences the precipitation rate. Nonuniform eleciric field in drift region induces three—
dimensional vorticity sources in bulk and induces secondary flows. The secondary flows
may also be created by the wake behind the bulky electrodes or baffles on the collector
plates. Fischer [35] has investigated the influence of the secondary flows on ESPs
efficiency and he shows that the appearance of secondary flows of axial vorticity deforms
the particle concentration profile which leads to reduction of the total efficiency.
The flow turbulence causes the diffusion of particles and reduces the laminar transport
of particles to the collector plate, see chapter 8. In this, the secondary flows induce
velocity gradients and hence turbulence velocity fluctuations and diffugion in the bulk.
Generation of secondary flows and turbulence fluctuations in ESP have been
investigated by [8,19,30,62] which show that the creation and the stability of the
electrodynamic secondary flows depends on the ratio of the fluid inertia to electrical
forces (Froude number). Besides, the present investigation has also been concentrated on
detailed experimental measuremernts of these electrically induced secondary flows which
are mecessary for establishing the flow properties. Flow properties like turbulent
diffusion coefficient and the velocity near the collector plate are required in the
numerical modeling of the flow arrangement in the system. ‘

The fluctuation of the electric field and the space charge field in correlation with
the velocity fluctuations give rise to additional turbulence production. But, this
electrically produced turbulence is shown to have negligible influence on the level of
turbulence production compared to the contribution of velocity gradients due to
secondary flows. This has been investigated by !50] in details where the relationship
between the turbulence level and the strength of the secondary flows of axial rolls is

derived.

It has always been interesting to measure the particle reentrainment near the
collector plate in order to establish the minus—flux of the already precipitated particles.
Particle Teentrainment as a’ negative effect lowers the ESPs efficiency. Therefore, in
order to achieve accurate numerical results, it is necessary 0 establish the influence of
this parameter. The LDA measurements on liquid seeding particles near the collecting
wall of 1aboratory scale ESP shows that the minus—flux vanishes near the wall. But, this
is not expected to be the case for solid particles when they reach a deposited dust layer
since there may be occurring back corona, rapping or other form of reentrainment in the

system.

For the present study, the electrical drift velocity of particles does not change the
general flow pattern obtained from LDA measurements which, to first approximation,
also describes that of the gas flow. However, for refined studies the drift velocity should
always be computed and subtracted from the LDA—data to yield the velocity field of the

fluid flow.

The turbulence fluctuation, whose mean is expressed as the rms, is a quantity
which describes the discrepancy between the measured instantaneous and the mean
value of the velocity field. The LDA measurements of the turbulence level in the
precipitator indicate that the rising rms with increasing electric field strength stems
from sources like, the secondary flows, velocity gradients due to the boundary layer at
the collecting wall, the wake behind the electrodes, and the fluctuating electric field due
to space charge fluctuations. Furthermore, according to [51] the false turbulence, due to
variation of particle drift velocity in LDA measuring volume, increases the total level of
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the measured turbulence. The difference between the particles electric drift velocities in
an external electric field is due to variation in particle size and hence the particle
mobility. These velocity changes within the LDA measuring volume will be perceived as
turbulence by the LDA system. This is a kind of false turbulence additional to the
turbulence from those already discussed sources. In order to obtain the magnitude of this
false turbulence a method based on statically distribution of the particle size is outlined.
The result of this estimation shows that the false turbulence contribution to the total

measured level is ignorable.

The velocity measurements with the CA—100/100 electrodes indicate developing
secondary flows éolls) of axial vorticity. These axial rolls can also be simulated
numerically with the same order of strength indicating that the magnitude of the
turbulent diffusion coefficient is about 50 time the molecular diffusion. In the case where
the Fibulax electrodes are used the measurements do not indicate any form of
developing secondary flows, but there are some transversal deformations of the flow field
which may have spatial three—dimensional patterns. The three—dimensional numerical
simulations of these spatial flow patterns have not been possible due to the limited time
of the present study. Therefore, the numerical treatment of the problem is based on a
two—dimensional solution in a horizontally plane containing both the collector plate and
the bulky electrode body. However, even though the two—dimensional calculations do
not take the flow deformation in vertical direction into account, the comparison between
the numerical results and the velocity measurements shows good agreement.

In order to make the flow calculations more flexible for detailed investigations of
flow management, the following activities should be performed:

1—  Since the calculations show that the vorticity field of Fibulax electrodes has
also strong components in axial and transversal directions the flow field may
have spatial patterns and should be calculated in three dimensions.

9—  The measurements show that the turbulence level has strong spatial variations.
These variation are proportional to the turbulence diffusion, therefore the-
assumption of constant turbulence diffusion in the numerical calculations may
violate the results, and hence the modeling of turbulence variations may be

necessary.

3—  The negative—flux of solid particles due to boundary layer flow, and dust layer
thickness, normal reentrainment, the and back corona phenomena must be

established.
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8  Particle transport and behavior in ESP

The particle precipitation inside the ESP depends on particle transport and
behavior in the induced electric field and the flow field in between the electrodes and the
collector plates. The charged particles, the electric field, and the flow field have strong
influence on each other and the interaction between them changes the precipitation rate.

This chapter explains particle transport and behavior due to interaction between
the main precipitation mechanisms inside the ESP.

8.1 Particle transport equation

As it is presented and discussed in chap. 2 and 4, the governing equation for
steady particle transport consists of the convective and the diffusion terms in following

form,

(8.1) . V-(nvp)— D V2 =0,

where 7 is the concentration, vp is the particle velocity and D is the particle diffusion

coefficient. The particle motion is influenced by the fluid motion and the electric drift
velocity (chap. 7.1.3), Vp = Vf + Ve.

Fig. 8.1 Schematic illustration of the effect of various levels of turbulent diffusivity on the
particle concentration profiles at three different streamwise axial positions.

2} D=0,b) D#90,and ¢c) D= w, from [8].
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Fig. 8.2

! i
1 2 3 4 )

DISTANCE FROM NON-COLLECTING WALL (cm)

(a)

1 L1 !
1 2 3 4 S

DISTANCE FROM NON-COLLECTING WALL (cm)

(B)

Particle concentration profiles: 1 cm height baffles, Ug = 3 m/s, D = 30 cm?/s at
two axial positions, X = 25 cm ¢, 4 and X =45 cm O . A) vey = 0.3 m/s,
B) Vey = 0.075 m/s, from [6].
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The diffusion coefficient in Eq.(8.1) determines the degree of turbulent mixing of
articles inside the ESP and it has a direct connection to the turbulence level in the flow
ES]. If the turbulent mixing approaches infinity, the particle concentration profile
acomes uniform in transversal direction at any axial position, see fig. 8.1c. In this case
the governing equation may be simplified to a one dimensional case where it is assumed
that all changes occur in the axial direction, and the solution will be the same as the
Deutsch equation (Eq.(4.3)). Thus, the Deutsch equation is an extreme case of turbulent
mixing with a pessimistic prediction of the ESP efficiency. The opposite case of the
Deutsch equation occurs when the turbulent mixing of particles becomes negligible,
which causes an optimistic high efficiency due to the laminar transport of particles, fig.
81a. It is seen that none of these cases are realistic assumptions since the turbulence
generation due to the flow arrangement and electric field production in the ESP are not
negligible 50], and the truth lies somewhere in between, fig.8.1.b.

The experimental data obtained by Leonard et. al., [3] and [6] indicates, that the
turbulent mixing may have a finite value and the measured concentration profile is a

proof of this fact, fig.8.2.

~ Since the suspended particles of a few microns in diameter follow the fluid
motions, the turbulent mixing of these particles may be the same as the surrounding
gas. Therefore, the particle turbulent mixing coefficient, D will be assumed to have the

‘same magnitude as the fluid turbulent diffusion coefficient, v . See section 8.5.8.

8.2 Numerical discretization

The discretization of the governing equation is performed using a control volume
formulation. In this formulation the scalar variables like the concentration and the
property diffusion coefficient are placed at the center of the control volume, while the
velocity vectors are prescribed at the control volume faces, see fig. 8.3a. Furthermore
the central difference scheme and the upwinding hybrid scheme FSG] are employed in
discretization of diffusive and convective terms, respectively.

The grid is equidistant, the collector plate is smooth, and the electrode body is
approximated by a square profile, see fig. 8.4.

8.3) Boundary conditions

The boundary conditions for the particle transport equation is implemented by
Leonard et. al., |3] in the following approximations:

_inlet condition where the concentration is assumed having a constant profile

of no density,
—zero flux at the non—collecting surfaces,
—and zero slope at the collector plate.

The flux of particle concentration through the control volume surfaces is defined
as

(8.2) ¢ =vpn—DVn,

hence the zero flux condition at the non—collecting surfaces implies thaf
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three—dimensional control volume numerical formulation.
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boundary conditions, and the interface between the neighboring symmetrical cells.
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$=0

or
Vpn = DVn .
The particle velocity at the collector plate equals the particle electric drift
velocity perpendicular to the plate, vey. Hence the particle flux to the collector plate is

Gy = VeylL.

Inserting this equation into Eq.(8.2) for the flux component perpendicular to
collector plate, leads to

Veyn = Veyn —_ D %

or
dn _
ay="
the zero slope condition at the collector plate.

These conditions are examined numerically by [3] and [8] and the results show
sood agreement with experiments.

As it was discussed in section 6.5.4, it will assume that the dust layer does not
influence the electrical conditions (back corona does not occur) as long as the dust
conductivity is greater than the gas conductivity or in other words the dust is low
resistive. Furthermore, the influence of the dust layer on the flow management can be
negligible for the layer thickness of a few millimeters.

8.4 Solution Algorithm

The Peclet number gives the limits for solving the transport equation either in
elliptic or in parabolic way. This number for u, the axial component of the velocity field,
in axial direction over the control volume length of Ax can be defined as

PEXZE%}'{’.

The solution of the tramsport equation may be performed fully elliptic in
transversal direction and parabolic due to high Peclet number in axial direction [56].
This will be a marching solution where the Peclet number must never become less than
2 in the axial direction. But, according to velocity calculations and measurements in
chap. 7, there are recirculating flow fields up and downstream of the electrode body,
which make the Peclet number less than 2 or negative. Therefore, the transport equation
must be solved fully elliptic in these regions. This also implies that the calculations
should be performed fully elliptic for the whole ESP section which demands large arrays
and an unbounded program size. The alternative to this problem is to solve the particle
transport equation for one periodic cell (see fig. 8.3b) fully elliptic to obtain the particle
concentration field and mass flux through the cell. Then, the calculated mass flux at the
outlet (interface) of this cell uses as inlet mass flux to the next calculation cell. This
method may be justified by the fact that at the inlet and outlet of a calculation cell, the
particle velocity profile is quite uniform and undisturbed by the wake downstream of the
electrode. Thus the Peclet number is large and the transport of any scalar quantity in
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these regions may be assumed to be parabolic. Hence, the concentration at the outlet of
one calculation cell will not be influenced by the concentration changes in the next
calculation cell. This solution will be called a block or a cell marching algorithm.

The SOR line by line method is selected as numerical method to solve Eq.(8.1).
See also section 6.4.4 for more detailed description of this method.

8.4.1) Preliminary verification of the numerical program

- A simple two dimensional version of the numerical program has been developed
to test the experimental data presented by [8]. In this experiment precharged mono
dispersed particles flow between two parallel plates. One with the potential ¢ and the
other one grounded. 2 cm baffles have been placed upstream before the inlet to produce
favorable flow turbulence. The particle migration velocity is known from measurements
and the diffusivity coefficient is estimated to be D = 12 x 1073 m?2/s. It is assumed that
the turbulence level is kept constant in the measuring section, and therefore D does not

change in the axial direction.

Employing these boundary conditions and parameters in the numerical
calculations, the result yields good agreement with experiments, see figure 8.4.

Q
o

Numerical caiculations
*%%#% Experimental data, X=2C cm
00000 Experimental data, X=40 cm

o
[e1]
)

o
&
o

0.40

Normalized concentration, n/ng
(=]
N
o

O|IIlIIllll|IIIIII||||IIIIIIIII|||IIIlIII|IIIlIIIII

0.00 T 1 111 T 1 T3 117 T 7 T+1 117 1T T°T TTrri T I T 7}
0.00 0.20 0.40 0.60 0.80 1.00
Distance from collector plate, y/d
Fig. 8.4 Particle concentration profile for 2 cm double turbulence generating baffles:

Uo = 2.0 m/s, D = 12 x 10°3 m2/s, Wy = 0.2 m/s, experimental data from [8].
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8.5 Particle behavior in ESP

Particle behavior ingside ESP concerns the size distribution, charging mechanism,
migration, precipitation at the eollecting wall, dust layer formation, plate rapping, back
corona phenomena, agglomeration, and re—entrainment. Some of these mechanism
appear to have strong effects on the precipitation rate; therefore, to approach the
physics of electrostatic precipitation, it is important to take their influence into account.
It should be mentioned that since the present investigation concerns the ESP
performance calculations at normal operating conditions, the contribution of back
corona, agglomeration, and re—entrainment will not be included. It has not been possible
to measure the minus flux due to the normal re—entrainment near the collecting plate
for solid particles, therefore the contribution of this quantity will not be taken into

account as well.

8.5.1) Size distribution

The migration velocity of particles depends on the particle size, therefore it is-
important to know the size of particles entering the ESP. The suspended particles in
industrial emission gases have different shape and size. The shape of particles usually is
quite irregular, therefore it is difficult to determine the particle size. In electrical
precipitation, one is interested in the migration velocity of a particle in an electric field,
and the Stokes diameter is most useful. However, there are also some other diameters
like surface area diameter, volume diameter or mass diameter [31].

All together, particle size measurement gives us the possibility to have a
quantitative view of the particle size and distribution.

Monodisperse aerosols seldom occur in nature or industry, therefore it is
necessary to know the distribution from measurements or to formulate a mathematical
description, as the input to the numerical calculations. Statistically, particle size
distribution can be defined by two parameters, namely the geometric-mean particle size
and the geometric standard deviation. This distribution is called log—normal distribution
for size-frequency. The mathematical formulation of this distribution is given by

1 dpg—4
(8.3) 1(dp) = WoTr eXP[“'O-5(‘R§g‘B)2]

?

where 7(dp) is the frequency function, dp is the particle diameter, dps is the
geometric-mean particle size, and og is the geometric standard deviation. A irequency
distribution is shown in fig. 8.5. Any process which produces fine particles from an
original bulk quantity gives a particle distribution which is close to a log—mormal

distribution.

: Defining particle class dp as particles in the size range dp1< dp< dp2 One may
define a normalized weighting coefficient, we, giving the percentage of particles within
each particle class as

dpz
f v(dp) ddp
d

(8'5) We1n = pl ca 3
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where the total concentration at the location is obtained from the cumulative
distribution function,

+w
1 dpg—d
(84) Cd = mo_—gj; eX'p[—OS(—Rg_—g—E)?] ddp .

The weighting coefficient of each particle class varies along the ESP due to
variation of the particle distribution. For instance, multiplying the weighting coefficient
of a certain particle class at any axial position by the concentration, the result will be
the particle concentration of that class at that axial position.

8.5.2) Charging mechanism

The main particle charging mechanisms in the corona electric field are the field
and the diffusion charging [31]. The field charging is the most important mechanism for
particles over 0.5 pim, while for particles below 0.2 pym the diffusion charging becomes the
dominating mechanism. Particles in the range 0.2 — 0.5 ym are charged almost equally
by the field and the diffusion charging mechanism. '

In the field charging process, the gas ions under the effect of the electric field
impact the surface of the particle and deliver their charges to it. Thus, an electric field
at the surface of the particle will be established. The flux of free charges to the particle
continues until the electric field at the surface of the particle becomes so strong that the
external charging field will not be able to increase the ion density at the surface of the
particle, implying that the particle has reached its saturation charge.

In the diffusion charging mechanism, the free ions due to their inter—molecular
thermal motions impact the surface of the particle and increase the electron density.
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White [31] has introduced the following equation for calculation of the saturation
charge,

o 2 1 &l 2
(8.6) o = 7o (1 + 3P + g S| B

where ¢; is the saturation charge of j—th particle class with a diameter of dpj, € i the
vacuum permeability, A is the ion free path, ¢ is the relative dielectric constant for the
particle and E is the mean electric field in transversal direction. It should be mentioned
that this equation contains both the contribution of the field charging and the diffusion

charging mechanism.

8.5.3) Particle drift velocity and mobility

Charged particles of the size of a few microns under the effect of the electric
Coulomb forces and the Stokes drag, reach the terminal drift velocity in a fraction of
their resident time in the ESP. Employing the balance between the electrical Coulomb

forces and the Stokes drag forces leads to

. iE
(8.7) Vej = 37%—&5 ;

where the vej is the electric drift velocity of j—th particle class, g; is the particle charge,

1 is the kinematic viscosity and E is the local electric field. As explained in chap. 7, the
ratio bpj = /(37 - dpj) is defined as the particle mobility. Particle charge, mobility ,
and dri% velocity, depend on the charging electric field which will be discussed in the

following section.

8.5.4) Interaction between particle space charge and charging field

Particle charge depends both on the electric field, the amount of free ions in
space (space charge) and the resident time in the charging field. Employing the balance
between the instantaneous ionic flux to the surface of a spherical particle and the
resulting electric field, one may derive the following relationship for instantaneous

particle charge, [47]

bipit
(8-8) G = 6 Gt e,

In this equation, pj is the ionic space charge and ¢ is the residence time. And notice that
the charging electric field is implicit included in g;. :

Furthermore, Eq.(8.8) may be used in derivation of the equation for particle
space charge, pp; by dividing with the particle mass and multiplying by the mass
concentration,

OV ; 1/, & A
(8.9) Ppj = Gsj Bpit + deo gy’

where nj and mpj are the concentration and the mass of j—th particle class. Figure 8.6
shows the variation of pp; 2s a function of residence time for different levels of p; for a

given particle size dpj.
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The mean particle space charge, pp at any point in ESP over different particle
classes of a certain distribution can be defined as '

=
8.1 = R )
( 0) Pp J‘Zﬁ QJ ij

where Np is the number of particle classes and the index ";" is the class number. Notice
that n; may also be defined as nj = wej - 7 , Where ng is the mean concentration over
all particle classes and wu; is the weighting coefficient belonging to each class.

The (mean) particle mobility, bp may also be defined as

Npc
h -
(8.11) b = fZ-{ ﬁﬂfj—@ Wej -

Particles in a strong charging field, which represents a significant amount of ionic
space charge, reach their saturation charge already at the inlet of the ESP [31].
Therefore, the standard ESP efficiency models assume that particles are fully charged
when entering the ESP. This means the particle mobility has reached its maximum
value already at the inlet, hence the particle will move toward the collector plate with
its maximum attainable drift velocity. Obviously, such models end up with an
optimistic value for the efficiency if this assumption differs from the real charging
mechanism inside the ESP. If for some reasons the ionic space charge becomes
insufficient within the electric field, the particles will not reach their saturation charge
even if the charging time becomes sufficiently large. Actually, this is a fact that should
be examined carefully, which is now done.
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Recalling the numerical results from chap.6 for the relationship between the
current density and the particle space charge in fig. 6.32, it can be seen that the current
density decreases for increasing particle space charge, and it then becomes negligible for
pp = 30 pC/m3. This means that even when there is a high potential difference between
the electrodes and the collector plates, there is no corona emission in this region,
implying that the corona current is quenched. Closer investigation of this phenomenon
shows that the electric field near the emission electrode has become so weak, that it is
not able to accelerate the electrons from the surface of the electrode to the drift region.
Calculation of particle space charge for fully charged particles with dpg = 5 ym and og =
2.5 pm in a charging field of 330 kV/m and an inlet concentration of 5 g/m?3 results in a
particle space charge of 80 C/m3. Actually, this is a normal loading for ESPs and in
some cases with heavy loading, the amount of inlet concentration may rise up to 120
g/m3, which in turn will increase the amount of particle space charge 24 times.
Obviously, this amount of particle space charge at the inlet of ESP is unrealistic due to
the fact, that particles are neutral at the inlet and first begin to charge by entering the
charging region. Hence, there will be an interaction between the corona emission and the
induced particle space charge, and this interaction will continue until a balance between

these two mechanisms is reached.

It is possible to model this interaction numerically in terms of the resulting
equilibrium between the ionic corona space charge and particle space charge for one cell
by solving the following equations in this order _

l—assume gp = 0 o , =

9—solve the equation for electric the field, Eq.(6.2) ST
* 3_solve for conservation of charge (current), Eq.(6.3)

4—solve Eq.(8.10) and Eq.(8.11) for pp and bp (bp uses in Eq.(6.3))

5—start from step 2 until equilibrium value of pp and p3 have been found.

Once the equilibrium between the pp and p; 18 established, the solution of the particle
transport equation will lead to a new concentration field for calculating the balance

between gp and p; in the next calculation cell.

When a particle moves through a charging field of various ion density and
electric field strength, it may be assumed that the resulting charge on the surface of the
particle may equal the charge on the same particle in an averaged charging field of the
same ion density and electric field. This assumption makes it possible to have charged
particles in the regions where there ar¢ no charging ions, and therefore the only
parameter which can change the amount of particle space charge may be the

concentration field.
When calculating particle space charge, the averaged electric field and the
averaged ionic space charge are employed to calculate the weighted sum of charge/mass

ratio .of all particle classes. Then the multiplication of this parameter by the
concentration field leads to the particle space charge field in the calculating cell.

8.5.5) Charging rate

In this part we will define the ratio,

| bipit
(8.12) . Cr= E}i%lmg )

from Eq.(8.8) as the charging rate of particles. This ratio increases along the ESP as the
concentration of particles and in turn particle space charge decreases and it becomes
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equal to unity when the concentration becomes negligible. The charging rate is the ratio
of the actual charge to the saturation charge. For a low inlet concentration and a strong
charging field with high level of ionic space charge density the charging rate already
approaches unity at the inlet of the ESP.

The charging rate has influence on the particle mobility and drift velocity. For
instance, if particles have reached 50% of their saturation charge, then according to
Eq.(8.7) the particle mobility and the drift velocity will be 50% of their maximum
value. The multiplication of the charging rate by the particle mobility gives the
instantaneous values of particle mobility in the actual calculating cell.

8.5.6) Dust formation on collector plate

Particles under the effect of coulomb forces move toward the collector plate and
accumulate on the plate in form of a dust layer. The electric force, F = p;E/b; keeps the
dust layer at the collector plate and the layer thickness increases until the collected dust
is removed by rapping. The dust layer density varies due to variation of the ion density
and electric field at the collector plate. When the dust layer has reached a certain

thickness the collector plates must be rapped.

The rapping time depends on the dust layer thickness at the collector plate and
the dust layer thickness varies along the ESP due to variation of particle concentration

in the axial direction. Therefore, the rapping time may be calculated for each cell in.

advance. It should be mentioned that the maximum dust layer thickness, fmax 18 an
experimentally determined value which is typpically about 5 mm for normal operating

ESPs [53]. The dust mass flux deposited at the collector plate in one cell, Amgust may
be calculated as the difference between the netto mass flux at the inlet and the netto

mass flux at the outlet of the calculating cell,
r
(8.13) Atrgust = JAvpnondA ,

where 1 is the outward normal to the cell's inlet and outlet flux area, A.

If the resident time for particles in one cell is At =lx/Uy, the collector area is lgx
I, and the dust layer density is pg, then the dust layer thickness for one sweep through

the cell becomes

Amdust

(8.14) 6= gt

And the rapping time my be expressed as

(8.15) Frapp = —B2X Af

The net mass flux to the collector plates from the inlet at any axial position in
the ESP may also be calculated by subtracting the inlet mass flux, 7n; from the outlet
mass flux of the last calculation cell, 7, as follows
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(8.16) fng—7ny = Ugng Lyly —‘>‘ Uxjkxik AyAz
ik

where ng is the inlet concentration, ngjx and uxék are the concentration and velocity

fields at the axial position x form the inlet, and summation refers to the numerical
integration. Then the efficiency of the ESP may finally be calculated as

(8.17) 7= (ihi—thg) /i -

8.5.7) Estimation of the turbulent diffusion coefficient

The flow inside the ESP is affected by the geometry, turbulent diffusion and the
electrical body forces on the ionized gas. Therefore, the variation of these parameters
change the flow quality which in turn will influence on the transport of the particles.
Assuming that particles in submicron size follows the flow patterns, then the particle
turbulent diffusion coefficient, D, may have the same magnitude as the momentum
diffusion coefficient, V.. Therefore, we will be content to estimate the influence of the
bulk flow, the electrode—collector distance, and electric body forces on the turbulent

diffusion coefficient, -

Aséuuﬂng that the electric force production of the turbulent kinetic energy, &, in
the flow is in balance with the dissipation rate, ¢, and diffusion of turbulent kinetic .
energy can be ignored, then the continuity of the turbulent kinetic energy may be

expressed as

(8.15) V-(vik) = 0.

If all variations occur in axial direction, then we may write

(8.16) Up ¥ A = Constant,

where Uy is the axial bulk flow and A = ly = lz, the area perpendicular to Up.

According to the (s,])~turbulence model [33], the turbulence diffusion coefficient,
v_may be approximated as

(8.17) v=IyFR ,
or
(8.18) w=(v /]2,

where 1is the mixing length scale. Introducing Eq.(8.17) into Eq.(8.16), then the balance
between two different systems with turbulence kinetie energies of & and &z becomes

Upt 81 A1 = U 62 Az,
or

(8.19) Ug (Vﬁ/ b2y 1y = UOQ(VTz/ b2 lys lzo .
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Assuming that 4 and L are of the same order of magnitude and Iz= lz3 , then we
may write :

(8.20) v, = yTl( (Uos Iy1) /(Uoz ly2) )2,
or
(8.21) ke = k1 (Uot lye)/(Uoa ly2) -

Equation (8.19) implies that if we know the magnitude of v = v - for one

systern, then by changing the flow velocity, Ug, or electrode—collector distance, ly, we

may be able to estimate the new value of V=V

Even if Eq.(8.20) is a rough simplification of the turbulence balance, it contains
the physics of the turbulence generation inside the ESP. This fact may also be supported
by recalling the experimental data from fig. 7.17, which shows the turbulent velocity
fluctuations are inversely proportional to the flow velocity. For instance, if we assume

VT_1 = 103 m2/s for Up= 1.0 m/s, then for Upz = 2.0 m/s (ly1 = ly2), the diffusion
coefficient decreases to v, = 0.25 x 10-3 m2/s. This relation will be used to estimate the

magnitude of v, and D in the efficiency calculations for variable flow velocity and

electrode—collector distance. . e

8.6) Program test and numerical results

This section will investigate the influence of dust loading, bulk flow, particles,
electrode—collector distance, and turbulence diffusion mixing on the precipitation
process. Furthermore the economical consequences due to variation of the flow velocity
and the electrode—collector distance will be outlined.

Following parameters are used in calculation of the ESP's efficiency:

_Flectrodes: Fibulax electrodes approximated by a square profile of 20 x 40 mm

—Collector plates: smooth

—Section length: 4.5 m

—Number of sections: 2

—Flectrode—collector plate distance, ly: 300 and 400 mm

_Distance between the electrodes, Ix: 300 mm

—Grid: equidistant, AX = Ay = Az =5 mm

_Mean electric field between the electrodes and the collector plates, E: 33 kV/em
—mean current density for clean ESP, Jy: 300 pA fm?

—Corona onset at emission electrode, po: 240 pC/m3

—Fmission gas: air '

—QGas density: 1.2 kg/m3

—Gas temperature: 20 C°

—Gas mobility, bi: 2 x 107t m2/Vs

—Ton path, A: 137 x 1079 m

—Bulk velocity, Ug: 0.5, 1.0, 1.5, 2.0 m/s

—(as dynamic viscosity, #: 18.5 x 1076 kg+s/m

—Gas molecular momentum diffusivity, 7 15.7 x 1076 m?/s

—Gas and particle turbulent diffusion coefficient ratio (ly = 300 mmj}, VT/ v = Dfv: 200.0,
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50.0, 22.3, 12.5 for 0.5, 1.0, 1.5, and 2.0 m/s bulk velocities, respectively
—Gas and particle turbulent diffusion coefficient ratio (ly = 400 mm), ¥ T/ v = Dfv: 1500,

37.5, 16.6, 9.3 for 0.5, 1.0, 1.5, and 2.0 m/s bulk velocities, respectively
—~Particle geometric mean diameter, dpg: 5.0 fim

—Particle geometric standard deviation, Og: 2.5 f{m

—Number of particle classes: 10

—Particle diameter of each class, dp: 0.23, 0.68, 1.65, 3.09, 5.27, 8.54, 13.5, 20.98, 32.29,
49.38 pm.

—Relative dielectric constant for particles, €r: 10

—Dust mass density, pg: 1000 kg/m3

~TInlet concentration, ng: 2 and 5 g/m3

—Maximum permitted dust layer thickness, Smax: 5 mm.

—Dust resistivity: less than 109 {lm

The flow chart over the numerical program, "ESP" may be studied in table 8.1.

8.6.1) Dust loading effects

The concentration of -charged particles between the emission electrodes and the
collector plates lowers the performance of the charging mechanism which in turn
changes the charging rate and decreases the current density at the collector plate. These
variations are illustrated in fig. 8.7 and fig. 8.8. As it can be seen from these figures, the
charging tate and the mean currenf denmsity at the collector plate decreases with
increasing the inlet dust loading. Particle space charge, pp, decreases when particles get
precipitated along the ESP causing the current density increases to its maximum value.
A similar variation of current density was also observed by the measurements on large
scale ESPs [53]. The particle concentration and space charge variation history are
illustrated in fig. 8.9 and 8.10, respectively, for two levels of dust loading.

According to Eq.(8.7), Eq.(8.8) and Eq.(8.10), the variation of particle mobility
and drift velocity is proportional to charging rate, Cr. Therefore, these two parameters
vary similar to Cr in the axial direction. But, we should notice that the variation of
mean particle mobility and drift velocity due to changes in the particle distribution and
hence the weighting function along the ESP may not be the same as the mobility and
the drift velocity changes of the individual particle classes. The variation of particle
distribution and the mean particle mobility in axial direction are shown in fig. 8.11 and

8.12 respectively.

Precipitation of particles along the ESP increases the dust layer thickness at the
collector plate. The dust layer variations in axial direction depends on the particle
concentration and the precipitation rate within each calculation cell. The dust layer
variation along the ESP is illustrated in fig. 8.13. Also, these results are obtained
assuming no dust layer on plates. The rapping time, Trapp, for the first section becomes
equal 106 minuets for 5 g/m3 inlet dust loading.

The normalized particle concentration profile in transversal direction at different
axial positions is shown in fig. 8.14. In this figure the uniform concentration at the inlet
of the ESP becomes nonuniform in axial direction. But, the concentration profile may
become uniform at any axial position if the turbulent diffusion coefficient, D approaches
infinity which implies the Deutsch equation for the mass conservation in the ESP.
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Fig. 8.17

Fig. 8.18

107
N N .
R 4 #=xx3x 300 mm channel wide
~ | @000 400 mm channel wide
&,
o i
O 1:
= ]
= ]
© 4
= J
-
o _
=
® E
s
0.1 7
ITIIII‘li]IillliilIl$i§]!illl|lllllIllllllllllllllllllllliilillllIlIl||IIIIillI|II|IlIII]]il§IIl|Il

020 040 0.60 080 1.00 1.20 1.40 1.60 1.80 2.00 2.20
Inlet velocity {(m/s)

Tlustration of the pénetration variations versus the inlet bulk velocity.

2.50 4
— ]
O
200 3 #wdes 300 mm channel wide
5 3 seeee 400 mm channel wide
5 ]
a .
& ]
-1.50 o
l ]
a ]
i E
& ]
1.00 -
0.50 4
0.00 -IllllIlli]‘lallIjlillllllilil|IIIIIIIHrI'HI|llH]llIIIIllI|IIl|llIll|Ilillllligiilllilli|i|ll|l|ll
0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20

Inlet velocity (m/s)

The increase of the discrepancy between the Deutsch equation and the "ESP"
calculations.

102

1




Figure 8.15 illustrates how the penetration changes in axial direction for both the
Deutsch approximation with an infinite diffusion coefficient and the ESP model
calculations with finite values for D = v_at all the axial positions.

The total efficiency of the ESP depends on the precipitation rate for each particle
class. Particles of different size and drift velocity precipitate in different axial positions.
Figure 8.16. shows the efficiency for 8 different classes in the distribution shown in fig.

8.11, as well as the total efficiency.

8.6.3) Effect of flow rate and electrode—collector distance on ESP efficiency

The ESP efficiency is strongly affected by the bulk velocity and the distance
between the emission electrodes and collector plates. The effect of these parameters may
also be fund in the Deutsch equation, Eq.(4.3) where Up and ly are two of the main
parameters influencing on the efficiency. According to the Deutsch's approximation the
increase of the bulk velocity and the electrode—collector distance decreases the ESP
efficiency. Therefore, we may expect the same tendency reflected in the numerical model

as in the Deutsch approach.

Figure 8.17 shows the efficiency calculation results in the form of penetration, p
for different imposed bulk velocities, Uy, and electrode—collector distances, ly. It should

be mentioned that all the inlet conditions to the "ESP" calculations are taken from an -~

"F.L.Smidth commercial ESP unit [53].

Comparing the results from the numerical calculation of the ESP efficiency with
those of the Deutsch's predictions shows that by increasing the bulk velocity and the
electrode—collector distance, the difference between these models increases, see fig. 8.18.
The Deutsch model predicts lower values of efficiencies, hence is conservative.

8.7 Economical evaluation

The ESP price mainly depends on the geometrical design and the utilized
mechanical and electrical facilities. For instance, an ESP with two sections contains an
inlet and outlet flow diffuser, two frames holding the collector plates, two frames holding
the emission electrode systems, two high voltage units, two dust hoppers, four rapping
systems, and so on, see fig. 8.19. All these units are necessary in the design of an ESP,
but there are some other parameters which may also change the ESP price drastically
without affecting any of these units. The first parameter is the bulk velocity and the
second parameter is the electrode—collector distance.

i we may be able to increase the bulk velocity, then according to flow continuity
it will be possible to reduce the inlet area which means smaller ESP volume. Increasing
the electrode—collector plate distance leads to reduction in the number of collector plates
and electrodes for a given volume flow which in turn reduces the frames dimension and

the total weight.

The Cost evaluation of an F.L.Smidth ESP wnit (type: F) as a function of the
inlet flow velocity and the electrode—collector distance is shown in fig. 8.20. This
evaluation is performed under the circumstance that the ESP dust emission remains
under the required level, n|outler ¥ 30 mg/m3. This emission level is guaranteed for
(Uply) = (1.0 m/s, 300 mm) with a basic manufacturing price equal to unity.
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As it can be concluded from fig. 8.20, an increase of both flow velocity and
elecirode—collector distance show the major influence on the reduction of the ESP price.
But, it is interesting to see if the required dust emission limit can be fulfilled at off
design conditions due to Up and ly variations. Therefore, the "ESP" program has been
tested for variable Uy in the range 0.5-2.0 m/s with two different electrode—collector
distances of ly = 300 and 400 mm. The results are plotted in fig. 8.21. As it can be seen
from this figure, the increase of the flow velocity and the electrode—collector distance
raise the dust emission. But, according to these calculations it is possible to reduces the
ESP basic price by either using a (Up,ly) = (1.22 m/s, 300 mm) or (Up,ly) = (0.97 m/s, 400
mm) combinations.

The first combination ends ug with a price reduction of 9%, while in the second
case the price reduces only about 3.2%.

11060
10460

£ ¥

-ty

2854 13210
S Bl e |l' 1l
! == I o B
i o0 ! 0
i i T 1
| : | :
! 1 i !
! I I
—= | | t
- 1 ! 1
sl b } {
o
: |
E : 1 I
| 1 b
8 : ! f
T ONG_)Lg VLN
pi] P !
i e : | =)
1
e L& -
wh |
g & i
g i 0 0
g 3 373100 1
I3
e a
=
=

FSnije

920424 IFOR.M JZ1

Fig. 8.19 Schematic front and side views of a F—type F.L.Smidth ESP design with two
sections.

104

T T T

T




Fig. 8.20

Fig. 8.21
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8.9 C(Conclusion and recommendations

The electrostatic precipitation of particulate gases has been the main method in
industrial gas cleaning this century. The low energy consumption of this process
compared to other removal methods makes ESPs the most attractive facility among
large scale gas emission control methods. "Therefore, there has been a great interest for
further improvement of ESPs through both the experimental methods and theoretical
calculations. The improvement of ESPs refers to reduction of both the dust emission
level, the size, and the price. Due to the complexity of the process, it is difficult to study
the effect of different parameters on the efficiency. Therefore, an effective three—
dimensional efficiency calculating model has been developed to predict the particle
transport and behavior inside electrostatic precipitators of complex geometries and
variable conditions (variation of electric field, flow field and particle drift velocity along
the ESP). The program is combined of three main parts solving the, 1} electrical
conditions, 2) flow field, and 3) particle transport simultaneously which makes it
possible to take the interaction between these elements during the precipitation process
into account. It is assumed that the calculation performs for ESPs under normal
operating conditions, therefore the influence of dust layer resistivity on the electrical
conditions is not included. Furthermore, it is assumed that the dust layer thickness has
no influence on the flow near the collector plate.

Since it has not been possible to prepare the experimental facilities for

concentration measurements, the experimental data from [8] are used for testing a two

dimensional version of calculation program, "ESP". The calculated results show
excellent agreement with the experiments. _

The main particle charging mechanisms in an ESP are field and diffusion
charging where the maximum available charge depends on the particle resident time
inside the ESP. Under the effect of a charging electric field particles with different size
become differently charged. Therefore, the model takes the influence of the particle size
distribution and the resident time of particles into account. The particles are divided
into several classes introducing a log—normal size distribution, which is the most
common distribution for particulate matters. Particle space charge reduces the

production of the ionic space charge, the charging rate and the current density. This -

“nteraction between the ionic space charge and the particle space charge is modeled
effectively, in which one of the main procedure in present model concerns the calculation

of this mechanism.
As far as we know, this interacting mechanism has not been investigated before.

ESPs efficiency reduces by going from the laminar transport to the turbulent
transport of particles between the electrodes and the collector plates. This mechanism
has also been investigated by [1,2,6,7,10] who conclude that for a higher ESP efficiency
the flow must be as laminar as possible. Since, particles in the range of few microns
follows the fluctuating motions of the gas, the turbulent diffusion coefficient, for particles
is assumed to be in the same range as the fluid turbulent diffusion coefficient. From this
assumption, a simple analytical expression is derived to calculate the turbulent diffusion
coefficient for both the momentum and the particle diffusion. This model requires an
empirical estimate for at least one flow condition in order to estimate the diffusion

coefficients for other flow conditions.
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As particle charge depends on the resident time in the charging electric field, the
particles do not reach their saturation charge at the inlet of the ESP. In this region the
electric drift velocity and hence the efficiency for individual particles is different from
the maximum attainable value. Further, the particle charging rate shows to be strongly
affected by the inlet dust loading. Apparently, other efficiency calculating models (see
table 3.1) assume that particles reach their maximum charge and hence their maximum
drift velocity already at the inlet of ESPs.

Particles of different size precipitate at different axial positions along the ESP.
The large particles due to their higher charge are affected by strong Coulomb forces and
therefore precipitate before the small ones. This mechanism changes the particle size
distribution such that both the mean particle diameter and the geometrical standard
deviation decreases in the axial direction.

The turbulence diffusion depends on both the duct width and the bulk velocity,
therefore the influence of these parameters can not be investigated separately. The
increage of turbulence decreases the laminar transport of the particles to the collector
plate and hence lowers the ESPs efficiency.

When the flow velocity increases the particle resident time becomes shorter, and hence
the probability for particle precipitation is reduced. When the electrode—collector
distance increases, the transversal distance between the particles in the middle of the
channel and the collector plate increases which increases the time for particles to reach
the plate. The increase of flow velocity and electrode—collector distance decreases the

‘turbulent diffiusion and increases the laminar-transport of particles, i.e. these parameters

have opposite effects on the efficiency. In this the increase of flow velocity or
electrode—collector distance dominate, with negative effects, on the ESPs efficiency.
Actually, this is a general feature for both the Deutsch equation and the ESP calculation
results. However, by increasing of flow velocity or electrode—collector distance, the
Deutsch predicted results diverge from the ESP calculated results, in which the Deutsch
model predicts the lower values. This implies that in the models using the Deutsch
equation as the main tool in prediction of ESPs efficiency give results that become too
conservative as the flow velocity or electrode—collector distance increases.

The environmental demands for higher precipitation efficiency have increased the

need for more effective and nevertheless cheaper ESP units. If ESPs become smaller
without exceeding the required dust emission, the manufacturing price will decreases
and the unit may become more competitive. This has given rise to an economical
evaluation, with focus on emission requirement for one already existing ESP, in order to
examine the calculation results. These evaluations are performed on a FLSmiljs a/s ESP
unit (type F) based on an empirical designing model. The evaluations indicate that the
ESP price may be reduced by either employing a higher flow velocity or increasing the
clectrode—collector distance and still be able to fulfill the dust emission requirements.
This implies that the current ESP design is near optimal, at least for the narrow
parameter range studied. However, we may emphasize, the simple empirical model may
not be useful outside this narrow parameter range, and more advanced models, such as
the present one, should be used.
Another interesting case to be evaluated is when the ESP length may also vary, as well
as the flow velocity and the electrode—collector distance. In this cage, the ESP length
will be varied in such a way that the penetration level keeps below the required level in
all the flow and geometrical conditions. This evaluation may also show interesting
results, and therefore it is recommended to be investigated.
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Proposals recommended to improve the "ESP" program.

Since the aim of the present work was to implement the flow pattern influence on
the ESP operation, it is recommended to include a fully three-dimensional flow
calculation together with an effective turbulence model for both flow and

particles in the "ESP" model.

A further development of the back corona model will effectively improve the
program ability in efficiency prediction of the complex cases of high resistive

dust.

Due to the re—entrainment connected with back corona phenomena, plate
rapping, and the flow near the dust surface, further investigation is necessary in
order to answer the questions concerning the adverse effects on the ESP.

Further improvement of the "ESP" results may be achieved by taking the
contribution of the normal re—entrainment into account. '
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9  Project status: Achieved results compared to plan

A comparison between the planned research work of the present study and the
obtained results may be summarized as follows:

a. Scientific objectives

The purpose of this study was to develop a numerical calculation model for
prediction of electrostatic precipitation of particulate matters in industrial emission
gases. Nevertheless, the the intention of this investigation was to try to optimize the
design and the operation of the precipitator with respect to the true gas flow patterns, so
called "flow management". As it concerns the modeling of the flow management and the
electrostatic conditions, the present model is much more advanced than any other
existing commercial model. The present model is distinct from others by the fact that
few empirical approximations are necessary to obtain reasonable results. These include
mainly turbulence level and effective diffusivity of particles, and electrical
characteristics for different electrode configurations. The calculation model gives us
confident information about the parameters affecting the ESP design. In order to
promote the reliability of this program we suggest that the model should be verified for

other large scale ESPs too.

b. Developmental objectives

In the present study there are comparisons between the calculated and the
measured eurrent densities for two different emission electrodes where the results show
good agreement. Since the calculation model is able to take into account the complex
geometrical configurations, it is possible to achieve reliable results. This is also the case
with flow management performed for two—dimensional velocity and turbulence
distributions. The turbulent gas flow, including the jonic wind is part of the physical
model and therefore included in the computer code. Thus, the program can handle the
effect of varying axial gas velocity and turbulence intensity on the precipitator
efficiency. Changing these parameters deliberately by designing the precipitator
internals and choosing important operation parameters correctly, in order to reduce the

* penetration, is flow management. Here, the influence from the two most important

quantities: axial velocity and electrode—collector spacing is investigated, while the
influence from the ionic wind and the turbulence is implied in the calculations. It should
be mentioned that the influence of flow distribution due to inlet and outlet diffusers on
the ESP has not been investigated since this requires a separate fully three—dimensional
flow calculation for the whole unit. _

Through the modeling of fluctuating electrical conditions it now is possible to take into
account the effect of pulse energization on the system. However, this has not been
demonstrated.

Before the present study began it was not possible to predict the importance and the
influence of the axially variation of the particle space charge on the ESP efficiency and
therefore the investigation of this mechanism was ignored. But, the basic investigations
in this study has indicated that in order to obtain accurate results it is necessary to take
the influence of this parameter into account. Therefore, the variation of particle space
charge along the ESP for different classes of particles is modeled and included in the -
calculations.

Besides, due to time limits in the present study, it has not been possible to perform a
basic investigation in order to increase the ESP efficiency by changing the design of
electrode—collector plate system. But, on the other hand the tool for these investigations

is available now.
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c. Applicational objectives

" The examination of possible increase in efficiency of a precipitator relative to
that of a baghouse filter needs a full comparison of the individual elements from both
the application, the manufacturing and the economical point of views. Even though, this
comparison has not been the purpose of this project, the result may be valuable for
industry.

The présent ESP calculation model has made it possible to investigate the influence and
the behavior of particles with different size distributions. Here, the turbulent diffusion
plays a major roll in transport of particles to the collector plate. The influence of the
turbulence on the particle transport in the ESP is modeled by including a diffusive term
in the particle transport equation. Here, for more accurate results, the spatial variations
of the turbulent diffusion in the system must be known, which demands a turbulence
model to be constructed. But, due to time limits in this project, it has not been possible

to make such a model. _
Furthermore, the plate rapping loss is not included in the model, but the model is

constructed in such a way that the influence of this mechanism or other mechanisms,

like back corona and dust layer thickness, can be included without difficulty.
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Appendex A

Discretization of electric field equation

This appendix concerns the discretization of the electric field equations.
The potential field equation, Eq.{6.15) in two dimension can be derived as

(A1) - S+ ph= e,

Central difference in x-direction gives:

2 . . = - . .
(AQ) gx(g ~ ©Pit1.3 QK}I{QI T P

And central difference in y—direction gives:

02 Litl — 207, + i3
(A3) 3)((!20 ~ Pijtt K}lﬂ] @551
For
Pi=pi .
13)
Pp= Ppi’j >
hence
(2 2y 1 .. 1 . 1
Yij 1AX2 + Ay2] T Ax2 Yitj T AxZ Yi—1,j + m Y15+ +
1 pi. . T P,
“Au_y-f {)Oi)]""l -+ ——’l—_‘“—ﬂ‘eo
or
(Ad) Ap ¢iy = Ae pit1j + Aw ity + An @it As vijm1 + Sp
where
2 2 i 1
Ap=Ag &7 A=A - AvT e
Mo=ody o Au=rly and Sp= it PP
ST Ay? > TR Ayl P77 Tep

are the influence coefficients of the three—diagonal matrix.

The jonic transport equation, Eq.(6.20)

(A5) E-Vo+ (oi+pp) -=0,
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in two dimensions can be derived as

(A6)

g
E;{%‘i— Ey'asg,-f' (pl—l-pp)%o:ﬂ .

The discretization in x—direction gives

(AT)

where

Ex%g=Ex:i’i ,Arpiayy Biﬁié;-ﬁ_\xA-pi’i — B-pi—,j

A=0 B=1 for Ex>0
} upwinding, x—direction

And the discretization in y—direction gives

(A8)

where

For

hence

(A9)

or

(A10)

where

.6 — v e C'p':'+1 + D-p- ,i = C-p-,- - D'ﬂ',’-—1
Ey ?"yﬁ_'EY)l:J Ll (C—T—D)-Ay 1] 1]

C=0 D=1 for Ex>0 .
} upwinding, y—direction
C=1 D=0 for Ey<0

pi=p,
i3]

Po = Pp, . . p _ [, pij
i Pisj 3 (pi+ pp) 0 [Pxi’j +Ppi’j] 20 )
P = Pisj '

Ex. (B-A) By (C-D)A3% +pp 7_
pi . I3 ] + 1 s ] is] 1s3

3| (A+B)Ax (C+D)Ay €0

Ex, | Ey. .
(A—?—*B'j_Ax (A-pi+1,; - Bepi1j) — C—?—B Ay (C+pij+1 — B+ pij—1)
pij-Ap = Ae pitij + Ay pi—1j + An-pijh £ AsePij

Bx, (B-A) By (C-D)sf’ e

he = [+ A T
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Appendix B

One dimensional solution of electric field equations with influence of space charge

This appendix concerns the solution of the electric field condition for the case
with two parallel plates, one with potential ¢p and a uniform corona discharge of po and
the other one grunded. The governing equation is

d2¢ _ p
(Bl) dyz - €0 3
where, for
_de_
then we can write
dE _p_
(B3) Iy~ @
Accorrding to conservation of current,
dJ
B4 =0
(B4) -
or
J = constant .

The current density is defined as
(B5) J=E-p-b,

which leads to

J

Inserting Eq.(B6) into Eq.(B3) leads to
dE _ _J
dy " @ E &

or

I
foas= Ly

which after the integration will give

12
(BT) E= R
Imploying Eq.(B7) in Eq.(B2), leads to
__242J 273
(B8) P="3i0 b yio+i.

The boundary conditions at the electrode plate is
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=1 for y=0,
which gives
CL= o -
And the boundary C(;ndjtion at the collector plate is

=0 for y=ly,

which gives
3o 12_2J
2 13/2 T boe
¥
or
(B9) J= % .sefzé__fg
¥y

Inserting this equation into Eq.(B8) gives
J3/2

(B10) o= H—y

And inserting Eq.(B9) into Eq.(B6) and Eq.(B7) lead to

" _ 30 €0, 1

o) T VS

and

(B12) E:%%ﬁg
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Appendix C

Mass/number of density distributtion measurements of seeding particles

Concentration [#/ccl

Concentration [gm/cc)

INSITEC Particle Counter Sizer Velocimeter
glycerin at 2.0 bar

NUMBER CONCENTRATION [#/ccl File 1 GLYE
7 Cumulative dn/dinD 3 Date @ 2/3/1987
10 Time : 10:053:22
6 Trans. : 81.8 %
10 _ valid . 97.7 4
5 ) Speed : 1.14 & 0.43
10 N Density : 2.70 gafcc
T D2 : 0.92 microns
10 4 Oversize: 0.0 %
3l z Diam Cum Numd
10 83.9  0.50 3.95+08
5 89.0 0.50 3.8E405
196 0.0 0.51 3.5E405
70.0  0.54 2.7E+05
101 50.0  0.60 1.GE+05
' 30.0  0.69 1.26405
100 0.0 1.19 3.96+404
1.0 4.50 3.0E+03
TE 0.1 1.72 3.9E+02
0.2 05 1 2 5 16 20 50 109 200
Diameter [migrons)
MASS CONCENTRATION [gm/ccl File : GLYE
-3 Cumulative dwdinn 1 Date  : 2/3/1987
£ - Time  : 10:03:22
-4 Trans. : 81.8 %
10 : yalid : 97.7 %
-5 Speed @ 1.14 £ 0.45
10 Density @ 2.70 gm/cc
: 032 o 0.82 microns
10 -6 fiversize: 0.0 %
- — M % Diam Cum Mass
1077 D Py 09.9 1.74 2 .9E-07
-8 X 83.0 1.67 2.8E-07
10 90.0 1.48 2.66-07
70.0  1.32 2.0E-07
1073 0.0 1.17 1.45-07
30.0  0.72 3.6F-08
110 0.0  0.55 2.95-08
1.0  0.50 2.95-09
L 0.1 0.49 2.96-10

0.2 05 1 2 5 10 20 50 100 200
Diameter [microns]
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Appendix b

Particle space charge influence on the electric field between two parallel plates

This appendix derives and solves the governing equation for the case where
precharged particles enters a region of uniform electric field between two paraliel plates,

30

d2¢ _  pp
(D1) =2

where ¢ is the potential, pp is the particle space charge, €o is the air permitivity.

Asgsuming a uniform distributed particle charge (uniform charged particle
concentration) in between the plate electrode and the collector plate leads to

d
(D2) 3')%:"%537‘!'01
or
(D3) <p=~%€-§y?+cly+c2.

Boundary conditions are:-—--

w=1 for y=0

and
Y= ] fOI‘ y= ].y .
Inserting these boundary conditions into Eq.(D3) leads to
, 1o
1 ¥o 9 y
(D4) ‘P=—-§%§Y2—"——1;£(L”"Y+CP0
and
—_do_ _te, w0 loe

(D5) E= dy = 7 1y+2€01y.

Then, at y = %ly the electric field, E, equals ~ 51-0—3 .
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