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ABSTRACT

The present work has been undertaken to study mass transfer rate in a vertical parallel plate
cell using copper electrode and acidified (sulfuric acid) copper sulphate solution. It has

been aimed to study the nature of deposmon during copper electrofomung

The mass transfer rates under different hydrodynamic conditions within the cell were |

obtained measuring the current at different sections of the cathode. M ass transfer data were
generated using limiting current technique. Flow rate was varied in the range of 5.8 lit/min
to 16.3 lit/min and initial bed height was taken to be 6 cm, 9 em 12 cm and 15 cm. Glass
beads of three different diameters 1 mm, 2 mm, and 3 mm were used to investigate the

effect of particle size on mass transfer rate.

Results were obtained for wide range of flow rates of the ¢lectrolyte and overall mass |

transfer correlations were obtained for the cell. The flow rate, initial bed height and bed
voidage for maximum mass transfer were found out. The results were correlated and

compared with the relevant correlation fourid in the kiterature.

An extensive literature survey of the basic principles gove'rni-ng the theory behind different

electrochemical processes and electrochemical mass transfer has been done in this study.
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CHAPTER -1

1. INTRODUCTION

Eletrodeposition of metal from solution during processslike electrowinning, electrorefining,
electroplating and electroforming are industrially importfmt. Electroplating is performed by
depositioﬁ of metal films on machinery, Engineering components and other articles for
~ protecting them against corrosion and imparting a pleasing appearance to them or indowing
them with specific properties such as hardness, wear resistance, antifrictional properties.,
electrical and magnetic properties. Electrowinning is the primary recovery of metals by
electrodeposition from solutions containing metal ions and is capable of producing high
purity deposits from dilute and moderately concentrated solution. Electrorefyning means
purifying a metal by a combination of dissolution of metal from impure anode and
deposition of pure metal at the cathode. Electroforming involves controlled deposition to a
conducting mandrel of predetermined shape, size, accuracy and surface finish through -
“production of articles by electrolysis. Subsequently the mandrel is intentionally removed to

leave an electroform.

The above cathodic processes should be opérated at high current densities. But this lﬁight
sométimes produce poor and uneven deposit because the rate of mass transfer 1s not
uniform through out the electrode. In electrochemical reactors, where one of the reactions is-
fast, the study of mass transfer is very important. Mass transfer study is especially very
impottant to the chemical engineers because it determines the maximum mass transfer rate
at which the reactor can be efficiently operated. The maximum practical operating current
depends mainly on the hydrodynamic conditions prevalent at the electrodes.
Electrodeposition of metal from solutions are generally fast reactions and are mportant

industrially in processes mentioned above.

Mass transfer studies of electrochemical processes are done in order to ensure good quality

deposits, because if the rate of mass transfer is not uniform and intensive over the whole of
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electrode then poor or uneven deposition may occur. Generally operation at low current
densities gives good quality deposits but the rate of mass transfer is not uniform over the
whole of the electrode and locally high rates can cause poor electrodeposition. Well defined

and controlled forced convection can give rise to better and uniform rates of deposition.

In order to improve the performance of an electrolytic cell, one can either raise the limiting -
current density or increase the spec‘iﬁ'c electrode area. Agitation ts the most important
means by which the former may be significantly increased. The effect of increased solution
concentration may be of comparable magnitude but flexibility may be limited by
considerations of solubility and deposit quality. In the past decade there has been
considerable effort in the research and development of fluidized bed electrochemical
reactors, although inert fluidized beds, in which noncondudting solid particles are fluidized
have received limited attention. Quantitative anaiysis of mass transfer behavior and the

optimum conditions for operation have not been studied thoroughly.

In the preseni research work, a parallel plate cell has been used due to ease of design,
construction and maintenance and for the uniformity of current distribution. The chosen
shape of the cell also provides a surface area to volume ratio second only to particulate
cells. In this study Cu-CuSO, system has been used. Since the cathodic reaction for the
chosen system is mass transfer controlled, the use of sectioned cathodes enables the current

distribution and flow development to be studied by the limiting current technique.

Experimental mass transfer data have mainly been obtained in systems with long
hydrodynamic entrance and exit regions thus ensuring that the flow is fully developed When
applied to the design of practical reactors such data results in over design. Moreover,
entrance regions of the above kind are not desirable in the working reactors. Keeping the
above faéts in view, the present work has been undertaken to investigate the mass transfer
rate in the cathodic deposition of copper from acidified solutions of copper sulphate using a
fluidized bed cell with sudden expansion at the inlet and contraction at the outlet. Different
sizes of spherical glass beads have been used to study the effect of particle size on mass
transfer. The cell has been operated under ‘different flow conditions and initial bed heighW

to study the effect of flow rate and bed voidage on the mass transfer. Although in the
g - s Ty
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present system, dilute solutions have been preferred to keep the lirﬁiting currents small and
to cause slow dissolution of the anode, the experimental results gathered can be adequately

used for industrial processes.

Experimental results are presented and correlated for different cell conditions. Comparisons

have been made between the present study and the previous relevant works.



CHAPTER -2

2. LITERATURE REVIEW

2.1 INTRODUCTION

In this chapter main features of fluidized beds, mass transfer in fluidized bed reactors and
mass transfer theories in parallel plﬁte electrochemical reactors have been studied.: ... Work-

done by the previous researchers in the refevant areas have also been included.

2.2 MASS TRANSFER THEORIES IN ELECTROCHEMICAL CELLS
2.2.1  Mass Transfer In Parallel Plate Systems For Fully Developed Laminar Flow

At steady state and in presence of excess in different electrolyte, the flux equation may be

written as
S o OC 5
Ux—-c"* + UJ_EE + U,—C- = Dt[é"(j;, + b{C; + C;‘J (2.1)
I7 & & dx Sy Oz
where,
U = velocity
D; = diffusion coefficient of species i
C; = concentration of species i.

For parallel plate reactors, considering flow in the x direction, equation (2.1) reduces to

C
ijx"'“:D'é‘?

— 2.2
& f 5}’2 ( )

Leveque [22] obtained an approximate solution of equation (2.2) for analogous heat and



mass transfer cases. His solution was

Sh = Kd. =‘I.85[Re Sc ﬁ)m (2.3)
D L
Where,

Sh = Sherwood number

Re = Reynolds number

5S¢ = Schmidt number

K = average mass transfer coefficient

de = equivalent diameter of the cell

L = electrode length.

Pickett and Stanmore {27] derived an approximate relationship for mass transfer coefficient

in a rectangular duct of finite dimensions, using parabolic velocity distributions in the y

direction only, of the form

f !

Sh = 1.467 [Re Se E;-)’ [-i- 4 y)’ 2.4)

where,

Y = aspect ratio, b/a
a = width of the electrode
b

= distance between the electrodes

Tobias and Hickman [44] experimentally verified the Leveque solution. They obtained

i
Sk o= 1.85 (Re Se ‘%")’ 2.5)



—ar s N N -

d
Sh = 2.54 Rei §,°% (—S 2.6)
In 1982, Ali [1] has correlated his experimental data for a rectangular duct, as

40022 '
Sh = 1.21 R S (f) @.7)

which compares very favorably with the Walker and Wragg [48] prediction.

2.2.2 Mass Transfer In Turbulent Flow

The most useful empirical expression available for mass transfer in turbulent flow is the
Chilton and Colburn analogy. Chilton and Colburn (9] presenfed an empincal heat transfer

relationship as

. 2
o = St (Pr)i = 0.023 R (2.8)
where,
Sty = Stanton number for heat transfer
PBr = Prandtl number
J. = Colburn J factor for heat transfer

The right hand side of equation (2.8) is equal to half the friction factor (f) defined as f =

0.046 Re™®?, and this leads to a general relationship for mass transfer as

, o :
St(Sc )i = % = 0.023 Re™ : (2.9.2)

or, Sh = 0.023 Re®scs (2.9.b)



where St is the mass transfer Stanton number.

The equation (2.9) is the best known empirical correlation for predicting mass transfer in

turbulent flow and has been applied successfully to various flow systems.

Hubbard and Lightfoot [16] found form their experimental studies that mass transfer in
turbulent conditions is best represented by the Chilton and Colburn analogy in the ranges of

10°<Re <5 x10%and 1 < S¢ < 1000.

Sh = 0.063 Re*™Sc¥ 2.10)

All the correlations mentioned are for fully developed velocity and concentration profiles
and are limited in application because they can not be used for reactors in which the flow is

not fully developed.

2.2.3 Simultaneously Developing Fiow And Mass Transfer

Bird et al. [3] developed an equation for flow in a duct which is suitable for situations when
the flow has not fully developed but is laminar. They derived the equation for mass transfer

probiem with relevant boundary conditions as :

1
Kde 2 de \?

Sh=—=-—-—[RS—) 2.11
D Jr M o : @.11)

Using electrochemical methods to measure mass transfer coefficient entrance region for

developing mass transfer boundary layer . Berger and Hau [5] correlated their experimental |

data by

Sk = 0.0165 Reo'”Sca” (2.12)

Pickett and Stanmore [27] obtained an empirical equation



: | -
Sh = 0.145 Re“gc%(ﬁj’ (2.13)

which is appropriate for parallel plate with Lide < 7.5.

2.2.4 Effect Of Flow Entrance Shape On Flow Developments And Mass Transfer

Q

Y ¥ ¥ v v vw

. =

Fig. 2.1: Velocity profile changes due to sudden expansion and contraction.

After sudden expansion, a secondary flow occurs in the boundary layer due to a
supennmposed external flow field and its direction deviates from that of the external flow.
The pirticles, near the flow axis have a higher velocity and are acted upon by a larger
centrifugal force than the slower particles near the wall and this leads to secondary flow
directed out-wards in the centre and inswards near the wall. Regions of boundary layer
separation and backflow are formed due to secondary flows and the backflow in the
boundary layer leads to the formation of eddies. These eddies 6ccur in regions where there

is an adverse pressure difference.

Krall and Sparrow {20] investigated the heat transfer in the separated, reattached and
redeveloped regions in a circular pipe by passing flow through orifices varying from 1/4 to
2/3 of the pipe diameter. They found that the position of the maximum heat transfer
coefficient is indépendent of Reynold's number, although its value is directly proportional to

the Reynold's number. They also found that the position of maximum heat transfer occur at

8



-/ position of 1.25 to 2.25 diameter downstream from the point of entry. In recent times,
Runchal [36], Wilson [50], and Wragg, Tagg and Patrick [52] have studied axial local mass
transfer distributions immediately downstream of sudden changes in flow cross sectional
area using the limiting current technique. Their results were in good agreement with those of
Krall and Sparrow [20]. They found the value of mass transfer co-efficient for fully

developed turbulent flow to be in a'greement with the Dittus Boelter equation.
Their correlation s :

Sh = 0.023 Re*¥ 5.0 (2.14)

2.3 MAIN FEATURES OF FLUIDIZATION SYSTEM
2.3.1 Conditions for Fluidization

When a fluid is passed through & bed of solid particles, imitially the particles do not mowg;” But as the
velocity is gradually increased the pressure drop across the bed counter balances the force of gravity on
the particles or the weight of the bed. With a further increase in fluid velocity the particles become

separated enough to move about in the bed and fluidization begins.

2.3.2 Particulate And Aggregate Liquid Fluidization

H liquid velocity through a bed of solid particles is gradually increased, a point is reached
when effective weight of each particle is just supported by the drag on it. If there is nothing
restraining the top surface, the bed at this point transforms itself from a fixed to a fluidised

bed. The velocity at incipient fluidisation is called the minimum fluidisation velocity Uy

If the flow rate of the liquid is increased above the minimum fluidisation velocity to produce
a fluidised bed, one of the two things will occur; either the bed will continue to expand so

that the average distance between the particles will increase uniformly, or the excess fluid

9



will pass throﬁgh the bed in the form of bubbles. These two types of fluidization are referred

to as particulate fluidisation and aggregate fluidisation respectively.

2.3.3 Pressure Drop Velocity Relationship

For a fluid passing verticalty upwards through a bed of solid particles, the pressure drop,
AP, will initially rise as the velocity, U, is increased as shown by the AB region in Fig. 2:2.
The relation between pressure drop and velocity’ will be the same as that of a fixed bed.
When the superficial velocity has reached such a value that the frictional pressure drop is |
equal to the effective weight per unit area of the particles, any further increase in velocity
must result in a slight upward movement of the bed. The particles will become rearranged so
that the resistance to fluid flow is decreased. Tn general the voidage of the bed will increase
and in an idealised system, the pressure drop will remain consiant as shown by the CD

region of Irg. 2.2

Log AP

Log U
Fig. 2.2 : Pressure drop-velocity curve.

At this stage the bed is just fluidised; it is said to be the point of incipient fluidisation and

10
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the superficial velocity at this point is known as the minimum fluidising velocity, Uy As the

fluid velocity is further increased, thelpressure drop over the bed remains constant.

2.3.4 Characteristics of Bed Expansion

According to a number of workers, most convenient way of showing the vanation of
fluidizing velocity with voidage is on & logarithmic plot since it gives a linear relationship.

This can be expressed as

YUY = 6 | 2.15)
where U is the fluidisation velocity and U; is the fluidization velocity at the voidage (€) of
unity.

The exponent, n, is a function of the ratio of particle diameter to bed diameter (d,/D ) and
Reynolds number Re, (= U, d, p#p), involving the free-falling velocity of the particles and
the size of the particles. The following empirical correlations for uniform spherical particles

were obtained experimentally for U; and n by Richardson and Zaki [34].

For fluidisation relation between U; and terminal settling velocity is :

log o, = log U, - Li) (2.16)
De
4
no= 465+ 20— { Rec < 0.2) 2.17)
n=44+18 dr Re2® (0.2 < Rey < 1) (2.18)
dy -0 | '
n=44+1]8 F Re: (I < Rer < 200) 2.19)
11
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4.4+ R (200 < Rer < 500) (2.20)

t
it

no= 24 { Ree > 500) @21

Of all correlations, despite its limitations, Richardson and Zaki correlation remains most

widely used.

2.3.5 Bubble Formations In Fluidized Beds

It is very important to know the type of fluidization in any practical application of liquid
fluidized beds. The mass transfer, heat transfer and mixing properties of the bed may
undergo a dramatic change with a particulate aggregate transition. A fluidized bed is called
bubbling when there exists fluid regions devoid of particles. Bubbles form due to the
hydrodynamics of the fluid-particle interaction. With an even sintered plate distributor,

bubbles form very close to the distributor as particles free small voids.

The formal classification of fluidized systems as particulate or aggregate is due to the early

work of Wilhelm and Kwauk [49] based on the concept of inter-particle forces in the vicinity
of the bubbles. They suggested a dimensionless group, the Froude number at minimum
fluidization, U, /g dp, as & criterion. From their experimental results they suggested, for
Fror >> 1, aggregate behavior will be observed. For Fry¢ << 1, particulate behavior will

- dominate and for Fry of the order of 1, the system is transitional.

2.4 MASS TRANSFER IN A FLUIDIZED BED ELECTRODE
2.4.1 Mass Transfer Correlation For Floidized Bed

Fluidization represents an essentially unstable situation between packed bed operation and
hydraulic transport. This implies that relations describing transfer coefficients for the above
operations will show much similarity. The segregation of the phases in a fluidized bed leads

12
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to a transfer resistance specific for this operation. Experimental studies of mass transfer at a
flat plate or cylindrical surface show that mass transfer rate increases with increase in the
electrolyte velocity. In fluidized condition, the inert glass beads give additional kinetic

energy to disrupt the concentration boundary layer and enhance mass transfer at the wall.

The usual way of correlating mass transfer data is by means of a dimensionless group

correlation of the following form :
St = constantxSc® Re® - (2.22)

where the Stanton No. St (= K/U) is a mass transport coefficient, the Schmidt No. Sc (= v/D)
describes the transport characteristics of the fluid and the Reynolds mumber Re (= Ud,/v)
describes the pattern of fluid flow. Much of the early work on fluidised beds was correlated
by means of the particle diameter d,, but more recently the mean hydraulic diameter of the
voids has been considered to be more appropriate in the case of inert particles. This has
been shown in Fig 2.3 in which the bed is represented as a senies of N hydraulic channeis
and (N+1) columns of particles. For simplicity it is assumed that ali channels are of equal
width. It is also assumed that the velocity in this channel is proportional to the interstitial
velocity, U, in the bed and that the hydraulic diameter of this channel is proportions to the
mean hydraulic diameter of the voids between the particles. For the two dimensional section,

the area of particles present can be expressed as:

(N + 1) Ly d, = A(l - &) (2.23)

5

{886

Fig. 2.3: Model for fluidized bed.
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where A is the total area of section and e is the bed voidage. The area of hydraulic voids is

then given by :
and N Lf dn = A£ : : 2.24)

where dy, is the hydraulic diameter. Elimination L¢ from equation (2.23) and (2.24)' }

_ N I-¢ .
o= () () @ @29

Equation (2.25) can be further simplified by assuming that (N/N+1) — 1 where N is very

large.

4y - (‘" 5] i ' @26)

Hence a modified Reynolds number can be defined using the hydraulic diameter;

Usdype 2.27)

Rer = _—H"D(J Y

where U, is the actual velocity of fluid within the voids. This is related to the superficial
velocity U by : |

U.e=U ' (2.28)
They by substitution;

# .
Rer = —Yr_ (2.29)

oI - &)

Defining Stanton Number in terms of superficial velocity as :

K¢ ' |
= — 2.30
0 (2.30)

14 ‘ '
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Hence the modified dimensionless correlation becomes :
St; = Constant (S¢)® (Rey)® | (2.31)

The mean hydraulic diameter may also be defined in terms of the effective cross sectional

area of flow i.e., the volume of voids and the surface area of the solid particles, Apas:

dh — kc VU | (2.32)

where k. 15 2 constant. But as the volnme of voids 13 given by Vy= Ve, where Vy is the total
volume of the bed. The surface/ volume ratio of the solid spherical particles is 6/d,, it may

be wriften ag -

; f 4 .
_ Ke @p & J
= . 2.33
d , L, — (2.33)

If the value of k. is 6, equation (2.26) and (2.33) become identical.

2.5 REVIEW OF PREVIOUS WORKS ON MASS TRANSFER IN FLUIDIZED BEDS

Knshna et al. {21] used a system for the oxidation of ferrocyanide ion and the reduction of

ferricyanide ion. They used equimolar solution of potassium ferrocyanide and potassium

ferricyanide (0.01M) with excess of different electrolyte (0.5N sodium hydroxide) .- .

) as the fluidizing medium. They used rockwood shot and glass spheres of different sizes

(1 mm to 5 mm) with annular electrodes. They obtained a correlation:” " ;
JpE = 0.43 (Rey J*” | (2.34)

Rama Rao and Venkata Rao [32] used a square channel packed bed instead of annular

channel and they suggested the correlation as :

JoE = 0.79(Res )" (2.35)
15



Carbin and Gabe [7] studied the mass transfer behavior using cylindrical test electrode in a
cylindrical bed. They used ballotini glass beads (0.1 mm ~ 0.3 mm) such that D./d, > 80:1.
They found the maximum value of limiting current density at a voidage & = 0.59. With their

experimental results; they suggested the correlation to be

2
Str (Se )i = 1.24 pe®” . (2.36)

Smith and King [39] studied the ionic mass transfer coefficients between the wall of a tube
(2") and liquid fluidized beds of lead glass, soda glass and lucite spheres using diffusion
controlled reduction of ferricyanide ion at a nickel cathode for porositie.s 0.90 to 0.45 and
Schmidt numbers 580 to 2100. The developed fluidization mass transfer coefficient for 41 <

DJdp <105 were:

JpE = 0.274 Rei®* for 10 < Rey < 1600 ' 2.37)

and by Jp& = 0.455 Rei™ for 167 < D./d, < 27. (2.38)
50 < Rey < 3500

The distinct effect of D /d, ratio is attributed to the wall effects and non particulate behavior

of the fluidized bed for large size particies.

Coeuret and Goff [11] reviewed the problem of mass transfer in an immersed cylindrical
surface and the ligquid in a fluidized bed of ._~mmconducting spherical particles. Their
electrolyte solution consisted of equimolar solution {0.005 M) of Potassium ferrocianideland
ferricyamde with excess of indifferent electrolyte (0.5 NaOH). Their data exhibited a
maximum mass transfer coefficient (K) at a voidage of 0.55 < ¢ < 0.6. They found the

correlation to be :
Jp = 120 R | | (2.39)

Walker and Wragg [48] performed electrochemical .« experiments involving the cathodic

deposition of copper from aqueous solutions containing H;50, in a_rectangular channel.
16
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They determined mass transfer rates at a plane wall electrode in the presence of a fluidized

bed of glass beads. They found the correlation as :

Jp& = 0.138 Rei’™  for 0.936 < ge, < 67 ) - (2.40)

They also found maximum mass transfer rate to occur at a voidagé of 0.7 ~ 0.75.

17



TABLE 2.1

Comparison of mass transfer correlations according to:

2
Sti- 8c7 = a Re}
Author(s) a b D/d, System Re; Sc Particle
| ' size {mm)
Smith and 0.32 | 0.38 | 41-105 | Cylindrical | 0.7-1067 | 580- -
King wall mass 2100
fons . transfer -
e 0.54 | 044 | 17-27 34.2334
Jattrand and | 0.45 [0.375| 93-36 | Planar test | 6-200 1250 0.220-
Grunchare electrode in 0.780
' cylindrical
bed
Jagannadharaj | 0.43 | 0.38 | 8-27 | Inmer anode | 200.- 1300 1.54-6.00
u and Venkata of annular 3800
Rao bed _
Coeuretetal. | 1.20 | 0.52 |93-290 Various 6-200 1250 0.35-1.07
( | cylindrical
probes
Carbin-and 1.24 | 0.57 {80-150 | Cylindrical | 0.1-70 787- 0.185-
éfatz test 1777 0.355
' electrode in '
cylindrical
bed
Walker and | 0.138 | 0.39 43 | Rectangula | 0.936-67 | 2675 0.274-
Wragg r channel 0.548
wall mass
transfer
Gomes E. 0.049 | 0.40 9.5 | Rectangula 675- 1150- 3.0
0.038 | 0.30 6.3 r channel 3238 1710 4.5
0.019 | 0.25 1.8 wall mass 1473.- 1300- 6.0
o transfer 5300 1760
2015- 1100-
5934 1760
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Zaman Khan Piroz, Malinen P. and Lepomaki H. [52] pointed out that (in the boundary layer
of coarse particles) momentum transport due to collisions between particles and between
particles and Cu'" ions plays the most importaﬁt role in the particle motion and in the
transport of Cu™" jons. Theyworked on a vertical rectangular cell. The relative velocities
between particles and Cu™ will lead to collision between them. The change in velof:ity of a
fine particie after a collision increases probabilify of collisions between Cu™ ions. Since the
Cu** ions affect the velocity of each other, the increase in velocity of a Cu" ions and

ultimately the velocity of all the Cu®" ions increases.

Takehara K. and Takérhﬁra H. [43) worked on electrochemical cell for electroplating and
obtained same type of V-1 curve. They also observed the presence of a rhonolayer of the

anode and obtained the following empirical correlation.

Cr(0,¢)=Cr" ~(rFACr" Dr'"®)™ [ 7 i(“; —du (2.41)
—u _

where,

Cr’ = Bulk concentration of the electrolyte -
Dr = Diffuston coefficient

n = Number of electron involved

A = Electrode area

i) = Electron current at time u.

They calculated the result with a numerical integration technique and multiplying the result ,

by Cr */Cr(0, t) to efiminate diffusion limitation,

Tsao, J.L. and Liang S.F. [45] used rectangular duct with particles of diameter 1 mm and 2.1
mm. They presented their result on a liquid velocity vs. bed voidage diagram and mass
transfer coefficient vs. velocity diagram. They obtained same velocity for maximum mass

transfer coefficient and maximum voidage was about 0.8.

In an earlier report Sedahmed et al. [37] &tudied the offoct of liquid velocity on mass
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transter. The mass transter data was correlated by the equation,

J=0187 (Re Fr)™*% | ' 2.42)
According to Cavatora and Bohm

Sh=a,(Sc Gé“"“" > | : 2.43)

where 2, and n are functions of geometry of transfer surface and range of experimental

conditions.
Kolmogroffs correfated his result as St S° =g ,ReFn) % (2.44)
where,

a; = 0.1 for heat transfer

a; = 0.035 for mass transfer
St = Stanton number

S¢ = Schemidt number

Re = Reynolds number

Fr = Froude number

Zaki, M .M, Nirdosh I and Sedahmed, G.H. [53] correlated their results as St $c®° = 0.095
(Re Fr) 0.272

They plotted their typical polarization curve and fluid velocity vs. mass transfer curve. This

curve shows similarity with that of present study.
Rao, K.R., [31] obtammed ..

Sh=K _ad’D

Sc=(uf pD)
K| = mass transfer coefficient (my/s)

d = unit length parameter (m)

20



a = interfacial area of contact between phases,
D = liqud diffusivity,  (m %/sec)

p = bquid viscosity, (Kg/s.m)

p = liquid density (Kg/m>)

21
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CHAPTER -3

3. EQUIPMENT AND EXPERIMENTAL PROCEDURE

3.1 INTRODUCTION

S

“The passes of solution of salts of such metals as zinc, iron, nickel, cadmium, lead copper,
silver and mercury results in the liberation of these metals at the cathode from the solution.
A number of experiments were performed with a vertic‘:ai parallel plate cell having copper
electrodes in fluidized conditions. Different size of glass beads were used for fluidization.
0.015 M copper sulphate in1.5 M sO-ulphuric acid as the electrolyte. A ccording to previous
workers the cathodic reaction is mass transfer controlled, and has direct bearing on existing
electrochemical processes. The cathode was divided into several sections to allow current
measurements of various sections and this enabled to determine the mass transfer rates at
differént positions in the cell. Glass beads of 1 mm, 2 mm and 3 mm were used to examine
the effect of size and voidage on mass transfer. The average diameter of 50 beads of each

. size was used as the diameter of the related size.

3.2 MAIN EXPERIMENTAL SYSTEM
3.2.1 The Electrolytic Cell

The cell was constructed with perspex sheet of 1.2 cm thickness. It consistéd of a inlet
section, ‘the anode side, the cathode side, the side plates and a exit section. The inlet and exit
sections were provided to connect the cell to %" PVC tubing. All the five parts were
detachable. The elecirolyte entered at the bottom and flowed upwards. There was no
entrance length so that the mass transfer boundary layer and hydrodynamic boundary layer
started at the leading edge of the electrode. Figures 3.1, 3.2 and 3.3 shows the five main
units of the cell with detaile'd' dimensions. Figure 3.4 1s a sketch of the assembled cell with

relevant dimensions as seen from the cathode side.
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The dimensions of the cell (Figure 3.4) is 38.3 cm x 26.4 cm x 5.5. cm. ﬁoth the anode and
cathode sides had the dimensions of 38.3 cm x 26.4 x 1.2 cm (Figure 3.2 and 3.3). The |
anode and cathode sides were kept at a distance of 2 ¢cm from one another by side plates
(38.3 cm x 2 cm and 1.2 cm thickness). Thus the total effective Cross-sectional flow area of
the cell was .20 cm x 2 cm (= 40 cm?). The anode (Figure 3.2) was a piece of 3.2 mm thick
copper plate (30.8 cm x 20 cm) glued with araldite into a groove of the same size and depth
. of 3.2 mm made into the perspex wall. The electrical connections were made with two 1.6
mm diameter copper wires soldered to the back of the anode through two 3.2 mm holes

drilled at two positions.

The cdthode (Figure 3.3) was 30.8 c¢m long and 20 cm wide and made of 3.2 mm thick

" copper plate. It was divided into fifteen sections from the leading edge of the electrode, the

lengths of the sections were 1.0 cm for the first five (inlet) sections, 4.0 cm for the next five
sections and 1.0 cm for the last five (exit) sections. The cathode sections were arranged in
this manner as it was anticipated that the current and hence the mass transfer rates would
vary significantly at the inlet and exit regions of the cathode. Smaller sections in these
portions enabled more accurate measurements of the variations in current distribution. Each
cathode section was fixed with Araldite to a groove of corresponding size cut into the
perspex sheet and separated from the adjacent piece by thin strip of perspex of 0.2 cm
thickness. This facilitated the measurement of the current in each section without
interference from the neighbouring sections. Electrical connections to each cathode sections
were made with fifteen 1.6 mm diameter copper wires soldered to the back of each cathode

section through fifteen 3.2 mm holes in the cathode side perspex plate.

23
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lThel anode plate and side plates were Joined together with the help of ethylene dichloride
solvent. The anode and the cathode plates were joined together with nut and bolt at the top,
middle and bottom regions. Two rubber gaskets were used between cathode plate and side
walls to minimise the leakage. The main cell body and the inlet and outlet sections were
joined‘together with 6.4 mm diameter brass tie rods through 6.4 mm holes in the inlet and
exit section flanges Rubber gaskets were used between the main cell body and inlet, exit
sections to prevent leakage. Finally a thin layer of Araldits was applied to all the side to

make the cell completely leak proof.

The inlet and outlet portions (Figure 3.1) of the cell were of identical shape and dimensions.
The diameter of the inlet and exit piping adjacent to the main cell body was 1.2 ¢m and this
diameter was flared to 1.5 cm the connection point to the %" PVC. tubing for easy pressure
fit. The size of the inlet and exit section plates were such that (34.4 cm x 10.4 ¢m x 1.2 cm)
they served as flanges to provide adequate space for the tie rods. Two steel wire meshes
were used to support the bed particles and prevent them from escaping in the flow pipings

and pump.

3.2.2 The Flow System

The whole flow system consisted of a pump, two rotameters, the electrolchemical cell a
cooler, a storage tank four two way glass valves and PVC pipes, tubes and fittings. Except
the pump, all the major units were mounted on the experimental rig as shown in Figures 3.5.
Figure 3.6 gives a detailed schematic diagram of the entire flow circuit. An Electronidioren
. Werke - Kaiser pump (220 V 2.15 A, 0.25 KW and 50 Hz) with corrosion resistant plastic
impeller and casing was used to circulate the acidified copper sulphate solution from a 25
Kg capacity plastic tank through the whole system. The flow line consisted of %" PVC pipes

and tubes and the flow rate was measured by two rotameters of different ranges. The



Cm e mmom gty
. - . ». ..hul.A




X

_|I )

[rm———
Basacse L

. )

et o e AP e
e A L

I

|

i

i
BGvpass

Pummp

Stomge  Tank

\

Excha-
ger

Heat

£ 1)) VA

Water out

s

Cold Water in

)

Figure: 3.6- Flow Diagram of the System

|




calibration curve for each rotameter for 0.015 M copper sulpha.te in 1.5 M sulphuric aci:d
are presented in Appendix B. The flow through the cell was adjusted by using the flow
bypass and the two way Pyrex %" glass valves fitted before each rotameter. The flow
direction in the cell was always vertically upwards. A cooler was used to prevent the
increase of the electrolyte temperature although the temperature increased by several
degrees after zufficicnt period ol time. Two two-way controf valves were used to control the
flow direction as necessary. Dry nitrogen gas was used to deoxygenate the solution before

cach experiment,

3.2.3 The Electrical Circuit

An electrical circuit was designed for the electrochemical reactor which would allow the
measurement of current on each section of the cathode separately without interfering the
main electrolytic process or changing the total current passing through the cell. The electrical

circuit is shown in Figure 3.7.

A d.c. power supply (PHYWE, 0-20V, 12A) connected with 220 V line was used as the
power source. The total cell voltage was measured by a voltmeter placed across the cell.
The total current passing through the cell was measured by a d.c. ammeter (Weston

Instruments Company, 0-0.6A). The individual sectional currents were measured with a

digital multimeter.

Toggle switches of current rating 10A were used to switch away any section of the cathode
from the main circuit, through the ammeter A2 the cathode current of that section was

measured. In this way the cathode current in all the sections were measured in turn.

@
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3.2.4 Experimental Procedure

The concentration of c»op'per sulphate solutions used in the experiments were approximately
0.015 M in 1.5 M sulphuric acid. Analytical grade hnhydrous copper sulphate (CuSO,) was
dissolved in distilled water and sulphuric acid to make the electrolyte solution (0.015 M
CuSO4 in 15 M H,80, solution). The solution concentrations were determined
volumetrically. The method used for the computation of the concentrations of copper
sulphate is outlined by Jabbar et al. and Vogel involving precipitation of the copper as
cuprous iodide with excess potassium iodide aud titration of iodine formed with standard
sodium thiosulphate solution. Analysis of the copper sulphate content was done after a
series of runs. Dilute solutions of copper sulphate were used to ensure small limiting
currents with correspondingly low rates of dissolution of the anode and deposition on the
cathode and for minimum natural convection. Since the activation overpotential of an

electrode is greatly dependent on electrode surface, both the electrodes were thoroughly

cleaned before assembling the cell prior to each run. The cleaning was done by rubbing the

clectrode surface with successively finer grades of ‘emery’ paper. The electrodes were then
rinsed with distilled water and degreased with an organic solvent (acetone). The smoothened

electrode surface was finally washed with distilled water and left in air to dry.

The electrical connections to each cathode sections and the anode were cleaned and their
electrical connections were checked by a multimeter before assembling the cell. The main
body of the cell (i.e. anode plate, cathode plate and the sidewalls) was assembled first by
three clamps. Then holding the main body on the inlet section, glass particles of a particular
size (1.0 mm, 2.0 mm and 3.0 mm) were put into the cell upto a certain bed height. It may be
mentioned here thatl for each particle size, four initial bed heights, such as 6.0 cm, 9.0 ¢cm
and 12.0 cm and 15.0 ¢cm were used to make different voidages in the cell at different flow

conditions.

At the start of each run nitrogen was passed through the solution in the storage tank from a
gas cylinder for about 1-2 hours in order to deoxygenate the solution because an extra

current density of approximately 0.25 mA/cm? is needed due to the reduction of oxygen at
33
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the cathode.

After deoxygenating the electrolyte, the purhp was started and the electrolyte was
recirculated through the system with flow rate adjusted by means of valves and the flow rate
was measured from the rotameter. Before taking the readings, the cell was operated at low
current densities (about 0.2 mA/cm?) for about 15-20 minutes to get an even deposit of
copper at the cathode. This was done by applying a small voitage across the cell from the

power supply.

To investigate the limiting current at a given flow rate the applied voltage was set to a
definite value with the heip of the power source. Two to three minutes were allowed for.the
system to reach steady state before the current readings were taken. The bed height at
fluidized condition was measured to find the voidage of the cell. The sectional current on the
cathodes and the total cell currents were measured by two digital ammeters. The applied
voltage was then increased in steps with intervals of 50 mV and the measurements were
repéated until the individual current’ in the sections exceeded their limiting values. This
shows the start of the secondary reaction (i.e. hydrogen evolution at the cathode) and a sharp
rise in current occurs, Between each run, the cell was dismantled, cleaned and reassembled.
The experiment was repeated for different flowrates and different bed heights with different

particle sizes.

The concentration of the solution was checked after taking readings for each size of
particles, and negligible difference was found with the original value. In any case, the

solution was replaced after taking readings for each particle size.

The problem with the cell was the continued -cleaning of the electrodes required, since,
repeated runs without cleaning did not reproduce the original results which is due to oxide
formation on the anode surface. At the end of each run the anode was seen to be coated with

a thin layer of black powder (copper oxide) which was formed by the reaction

Cu 42,0 — Clyr 2H5 27
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Moreover, difficulty was encountered due to the deposition of copper on the unexposed
sides of the cathode as a result of leakage of electrolyte between cathode section and
perspex plate. Again, at higher current densities, there was deposition of copper sulphate on

the anode surface.
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CHAPTER- 4

4. RESULTS AND DISCUSSION

4.1 INFRODUCTION

Studies on the enhancement of mass transfer on the deposition of copper from copper
sulphate - sulfuric acid solutions were done using different type of glass beads as the
fluidized particle and different types of hydrodynamic conditions. The cathode was divided
into fifteen sections to measure the variation of current along the length of the cathode.
Since only the cathodic deposition of copper is mass transfer contfolled, mass transfer rate
at different flow rates was measured. Fluidized bed electrolyte system was used to enhance
the Cu” ion deposition on the cathode. In the present work the concentration of the

electrolyte was 0.015 M copper sulphate in 1.5 M sulphunc acid.

* Currents along the length of the cathode were measured at different applied voltages until it
exceed limiting current. The flow rate was increased from 5.8 liters/min to 16.3 liters/min
the later being the maximum flow rate attainable by the pump. The size of the particle used
was between 1.0 mm dia to 3.0 mm dia. Reynolds number range was from 108 to 762 for
particle of 1 mm, 216 to 1525 for particle of 2 mm dia and 324 to 2286 for particle of 3 mm
dia. The electrolyte was kept at about a constant temperature of 30° C. The distribution of
current and mass transfer coefficient at different section was determined. From this, the
vanation of mass transfer coefficient with distance from the leading edge of the electrode
was calculated and the overall mass transfer coefficient was obtained for different flow
rates. The variation of Sherwood number wi.‘th Reynolds number and the correlation for
the cumulative average mass transfer coefficient with distance from leading edge was
obtained for different particles. The overall mass transfer correlation was obtair;ed using

different parameters such as flow raies, distance from the leading edge of the electrode

{I/De) and aspect ratio.
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4.2 REPRESENTATION AND ANALYSIS OF RESULTS

The indrvidual current on ditferent sections of the cathode was measured at different flow
rafes by a progressive step increase in applied voltage of S0 mV until all the sectioned
element attained and exceeded their limiting current. The data obtained is shown in the
Appendix C. From this data the current voltage curves were plotted. Both the sectional and
overall currents against applied voltages are shown in figures 4.1 and 4.2. The limiting
current value was obtained from the current plateau or the point of inflection on the current
voltage curve. In this study all the results have been calculated from the limiting current
condition, because operational limiting current implies the maximum mass transfer. By
repeating a number of runs, the reproducibility of the data was checked and it was within

the accuracy of about 5%..

4.2.1 Current Voltage Curve:

Figure 4.1 shows typical individual sectional current against applied voltage and figure 4.2
stands for total current against applied voltage at different flow rates. Both these curves are
in good agreement with those obtained by others like Fukunaka Y., Doi H., and Kondo
Y. [13] who worked on rectangular cells. The current and hence the current density at the
cathode increases with the increase in the cathodic overpotential. The concentration of Cu**
ions starts decreasing with the increase in the cathodic overpotential in the initial region of
the curve. So the concentration gradient started increasing and hence the mass transfer also
increased. Since the whole reaction is mass transfer controlled the reaction rate increases.

This 1s why the currents showed an increasing tendency in this region.

In the middie region of the curve the rate of increase of current slowed down significantly
and became constant in most cases. This is due to the fact that with increase in the
potential a point is reached when the concentration of Cu ** ion at the cathode gets a value

of about zero. Here concentration gradient, mass transfer rate, and current become constant.
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After this region, the current increased rapidly. In this region the evolution of H, starts with

excessive loss of current. The reaction is as follows:
+ - :
2H +2% = 22— Ha

This can be compared with the result obtained by Fukunaka Y, Doi H., arid Kondo, Y.
[13]. They observed that for 6.05 M CuSO, solution the concentration of Cu™ at the
cathode was about 0.24 M/dm’ at 43 mV. But this value decreases with increasing cathodic
overpotential. At about 150 mV the concentration reached the value of about zero and the

inflection point was about 155 mV.

However from their observation of interferometry, they came to the conclusion that the.
limiting current density is realized at a slightly higher location above the inflection point of

the current -voltage curve.

It is evident from the figures that there is a distinct limiting current plateaus on each curve
for each flow rate of the electrolyte and these plateaus are well defined and wider for lower
flow rates and less defined and less wider for higher flow rates. At higher flow rate the
limiting current plateau reduces to an inflection point only. The limiting current plateau was
in the range of 250 mV to 400 mV. The shrinkage and the shift of limiting current plateau
in the higher voltage region occur with increased flow rates. With increased flow rates the
limiting current density increases. This may be due to the reason that with increased

agitation at this conditions higher local current densities may result which form a very

crystalline or poor electrodeposits. This increases the effective electrode area. Increased -

area results in higher mass transfer rate. Thus the current density increases with flow rate.
This may be due to the reason that the rough deposits are able to catalyze the formation of
gas at lower potential giving rise to carly current plateaus. With very high flow rates the
particle becomes so dispersed that the fluidization effect tends to decrease the limiting

current and the mass transfer rate.
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From figure 4.1, it is clear that the limiting current plateau on all the segmenté starts-and
ends at the same potential. It can also be observed that the varation of current in some
sections e.g. sections 11-14 and section 2 and 3 are more or less similar. This is because

these sections occupy hydrodynamically similar positions in the cell.

In figure 4.1, it is seen that the sections 6,7,8,9,16 have higher value of iimiting current.
These sections have area four times larger than that of any other section of the cathode.
Larger area permits more Cu’’ ions to be deposited. Hence these sections exhibit higher

limiting current.

Among the sections of the cathode the first attains the highest value of limiting current and
then it decreases. It increases again in the exit section. Sections 2,3,4,5,11 and 12 has more
or less similar limiting. Sections 12 and 13 have same 1. Section 14 has a little higher value
than that of sections 12 and 13 and section 15 has much higher value. This higher value of
limiting current at the inlet section of the cell is due to the entrance effect, the change in
shape and size of the flow area, the complexity of hydrodynamic conditions such as
secondary flow and back mixing, eddy effect, separation and reattachment of the flow after
sudden expansion. These effects the first section to have a higher limiting current. This
agrees with the study of Krall and Sparrow [20], Runchal and Wragg [36]‘ and Tagg and
Patric [42] who had obtained a region of maximum mass transfer rate at a distance of 1.5 to
2.5 times the equivalent diameter of the large duct down stream from the leading edge of the
electrode. The point of maximum mass transfer coefficient has been takeni as the point of
reattachment. It then starts decreasing through section 2,3,4 and 5. On sections 6 to 10, it
gets the minimum and stable value of current density. Hence the limiting éurrent at the
middle section of the reactor is approximately constant. This may be due to the equal
agitational effect of the fluidized bed. The limiting current increases gradually again
through the exit section. This ts caused by the turbulence generated by the sﬁdden decrease

in flow channel area at the exit of the cell.
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Figure 4.2 shows the variation of total current against applied voltage at different flow rates.
It can be seen from this figure that for the same amount of applied voltage the current is
higher for higher electrolyte flow rate. With increase in the flow rate of the electrolyte the
agitational effect and momentum transfer increase. Higher momentum transfer increases the
charge transfer rate and ultimately the amount of current increases. It increased upto the
flow rate of 14.6 lit/min. At flow rate 16.3 it decreased again. This is because at such
higher velocity the particles are so dispersed the overall ;ituation decreases the mass

transfer rate.

4.2.2 Current Distribution Along The Length The Electrode:

For comparison it is useful to compare current distribution along the length of the electrode
at limiting current conditions because a stable current distribution is reached with sumn of
individual scctional currents equal lo the total measured curreni. Moreover, from the current
voltage curve, it can be seen that the limiting conditions slusts at the same time for all the

seotions of the electrode.

Figure 4.3 shows the variation of current density along the length of the cathode at limiting
current condition. It has been graphically represented in the form of histograms. This figure

4.3 shows the current density at different sections of the electrode at limiting current

conditions. Figure shows that the first and last sections are exhibiting hig'hest current

density. Sections 2-5 and 11-14 are exhibiting similar current density and section 6-10 are
exhibiting similar current density that is different from that of any other sections of the

electrode. The fraction of current passing through each section of the electrode has been

calculated from current voltage data at different fluid flow rates. For a given fluid flow rate,

the fractional current passing through an individual section is approximately constant
irrespective of any applied voltage whether the reactor is operating below, at or above

limiting current conditions. From figure 4.3, it can be seen that there is an increase in

current density at the inlet and exit sections of the cell. This is due to the developing
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velocity and concentration profiles in the boundary layer at the entrance and due to the

effect of accelerating velocity gradients in the exit sections of the electrode.

The middle section has an approximately stable current density because this section is free
from any expansion or contraction effect. In this region the construction of cell is uniform.
Solid particles forces uniform impulsive effect at the cathode. Here electrolyte velocity is
fully developed and solid particles are uniformly distributed. This results in the uniform

distrbution ofthe Cu  ** jons.

This supports the observation of Takehara K. and Takehara H [43]. In their experimental
study they found by x-ray photography that the accumulation of ions in the middle section is

always uniform. But that at the entrance and exit sections are not uniform,

4.2.3 Mass Transfer Coefficent Along The Length Of The Electrode.

Variﬁtions in the individual mass ltransfer coeffictent over the sections can, of cdurse, be
obtained by the plots of the current distribution along the length of the electrode as shown in
figure 4.3. It shows slight enhancement of mass transfer at the iqlct and exit section in
comparison with the middle region (the middle five sections). This is due to the entrance
and exit effect. At the entrance, expansion with substantial eddy formation happens. This

¢ddy flow of the electrolyte enhance mass transfer. At the exit section, contraction takes

place and the solid particles reverse its flow direction. These two effects enhance the mass

transfer rate. This means that mass transfer coefficient is independent of distance due to
uniform agitation resulting from the fluidization of glass beads if the cell construction is

uniform and flow is fully developed throughout the cell,

In their study, Gendron and Ettel [14] obtained the highést mass transfer coefficient at the
leading edge of the electrode and this then decreased after first fifteen centimeters. But an

almost uniform distribution was achieved after 15 cm with a very slight decrease in mass
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transfer coefficient along the length of the electrode. Their study can be compared with the
present study that higher mass transfer coefficient is obtained at the first five sections. The
mass transfer at the next sections (next 20 c¢m) is constant and there is a slight increase ‘in

mass transfer coefficient at the last five sections.

This also be compared with the study of study of Takehara K. and Takehara H (43). They
obtained uniform ion distribution along the length of the cathode in the middle region and the

uniformity was irrespective of the distance from the leading edge of the electrode.

4.2.4 Variation Of Cumulative Average Mass Transfer Coefficient Along
The Electrode Length:

In Fig. 4.4 cumulative average mass transfer coefficient (k ..} has been piotted against L/De
in logarithmic scale. Although it has been shown by histograms in the previous sections that
current density almost constant in the middle regions of the cell, but current density varies
at the inlet and exit sections. This means that rate of deposition at middle section is uniform
and due to sudden expansion at the inlet and contraction at the exit there is entrance and exit
effects only: If a continuous cathode is used, mass transfer along' the cathode length will be -
influenced by the inlet and the exit effects. Cumulative average mass transfer coefficient is
highest at the leading edge of the electrode. It then decreases as the distance from the
leading increases. Finally the mass transfer coefficient inc'reases at the exit sections due to

4

exit effect.

Figure 4.10 shows that the cumulative average mass transfer coefficient is related to

1/De 2 10.0 by the equation of the form

KCEV o (Lme) o2

The above findings can be compared with the correlation for rectangular duct obtained by

Pickett and Ong [26] upto L/De >12.5 as,
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-0.2
K . o (LDe)

The exponent on the L/De term was obtained by Vanshaw et al. [4&] as -0.3 for the
turbulent flow. M. S. Ali [1] found the value of the exp.onent in the range of -0.33 to -0.16.

The lower value of the exponent in the present study is probably due to fluidization that

imparts increased agitation and thereby ensures better mixing. Up to L/De =1 the variafionff

of mass transfer coefficient is less due to entrance effects.

4.2.5 Variation Of Mass Transfer Coefficient With Superficial Electrolyte Velocity

Figure 4.5 and 4.6 shows the variation of mass transfer coefficient with superficial
electrolyte velocity for different particle' sizes limm and 2 mm respectively. From this
figure 1t can be observed that with increasing fluid velocity the mass transfer coefficient
increases initially but at some fluid velocity the maximum value of mass transfer
coefficient is reached and after this it starts decreasing. This is because with increase in the
electrolyte velocity, the velomty of the fluidized partlcles increases. It enforces the copper
ions to move to the cathode with higher momentum. This increases the mass transfer rate

and thus the mass transfer coefficient increases. Moreover higher velocity takes part in

- increasing the mass transfer coefficient by higher agitational ‘offect..It can be seen that the

maximum mass transfer coefficient lies in the range occurs at around 6 cm/s for 1 mm and 2
mm particles. For 3 mm Particles it is higher than 6.8 cm/sec superficial electrolyte
velocity. It can be compared with the result of Gomes E.[15] who obtained the highest mass
transfer velocity to be 13.5 cm/s. Results can be compared with that of Coeuret and Goff
[11] who come to the conclusion that for particle of diameter 0.6 to 2.0 mm the maximum
mass transfer can be obtained with the electrolyte velocity of 4-8§ cm/sec. Gomes E.
compared his result with that of Walker and Wragg [48] and Coeuret and Goff [11]. He

reached to the conclusion that the velocity at which maximum mass transfer occurs

“increases with increase in particle size. For the same amount of agitation larger particles
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Figure 4.5 Relationship Between Superficial Electrolyte Velocity and Mass
Transfer Coefficient at Different Bed Height for Particle of 71 mm
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Figure 4.6 : Relationship Between Superficial Electrolyte Velocity and Mass
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reqmre hrgher superficial velocuy Present study also supports the results of the workers

- mermoned above

Figure 4.5 and 4.6 implies that after the maximum mass transfer velocity is reached,
increasing electrolyte velocity decreases the mass transfer coefficient. This is becanse af
- very high velocities the flurdizing particles beeome so dispersed that the ﬂu1dlzmg effect
starts to disappear and the two cffects super-impose each other. As a result mass transfer
coefficient decreases. Walker and Wragg [48] studied the aspect of fluidized bed
“electrochemical reactor and they found the maximum value of mass transfer coefficient, k,
-at superficial velocity u = 1-3 cm/s for particle sizes of 0.275 to 0.548 mm. Cocuret F. and
Goff L. [11] also found the maximum value of k at superficial velocity u = 4-8 ¢m/s for
| particle sizes of 0.6 to 2.0 mm. Gomes E. {15] obtained the maximum value of k at

superficial velocity u=13.5-15.5 em/s for particle sizes of 3.0 to 6.0 mm.

The result of previous workers together with the present one is given below in tabulated

form.
Author Maximum mass transfer Particle size (mim)
velocity u {cim/s)
Walker and Wragg  [48] 13 0.275-0.548
Coeuret F. and Goff LL [11] 4-8 , 0.6-2.0
Gomes E. [15] 135155 3.0-6.0
Present Study ' Around 6.0 1.0-2.0
’ : 30
Above 6.8
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4.2.6 Effect Of Particle Size On Mass Transfer Coefficient :

Figure 4.7 shows the effect of particle size on mass transfer coefficient. Mass transfer
coefficient is smallest for the 1 mm particle and it increases with the increase in/,thefsize of
the particle. The increase of particle size is due to the bubble formation in the‘f]’/ilidized bed
for the larger particles. In this study three different sizes of particies (1 mm, 2 mm and 3
mm) are used and Froude numbers, Fr (=U%,; / gd), are calculated for three particle sizes
are, 0.18, 0.25 and 0.33 respectively. As mentioned earlier, Wilhelm and Kwauk [49]
suggested that Froude number as a criterion for the bubble formation. They worked with
particles of different sizes. A'ccording to them, for Froud number larger than one, bubbles
should be observed. In fact, significant bubbles could not be observed for these particle
sizes. From the figures, it can be observed that the mass transfer coefficient is lowest for
smallest particle size (1.0 mm) and for particles sizes of 3.0 mm the mass transfer
coefficient is highest. With the increase of particle size, the agitation caused by the particle
movement in the cell become more vigorous and hence current density as well as mass
transfer rate increases. Gomes E {15] combined his experimental results with that of
Wilhelm and Kwauk [49] and came to the conclusion that the mass transfer rate increases-
with the increase in particle size upto 4.5 mm particle. Further increase in particle size, the
particles become heavier and the agitation to the electrode decreases and hence current
density as well as mass transfer rate decreases. Also with 6.0 mm particle size, vigorous
bubbling occurred in the cell and pockets of liqnid passes through the cell without proper

mixing and this might contribute to the decrease of the current densities and mass transfer

coefficient. | _ ]
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4.2.7 Variation Of the Mass Transfer Coefficiént With Different Initial Bed
Height

Variations of the current distribution along the electrode length have been observed for
different initial bed height. Figure 4.8 and 4.9 shows the variation of mass transfer
coefficient with different initial bed height. The initial bed heights of 6.0 ¢m, 9.0 cm, 12.0
cm and 15.0 cm are used. Mass transfer coefficient increases with the increase of initial bed
height because uniform agitation can be obtained with the increase in bed height. M oreover
with increase in initial bed height large numbers of particles take in the momentum transfer
to the electrode. Thus the mass transfer rate increases. This increases upto the bed height
of 12 cm. But further increase in bed height the mass transfer rate decrease. This is due to
the increase in bed height the voidage the electrolyte transfer in the cell decresses because
the total cell volume remains constant. So the displacement of :electrolyte to the electrode

does not get enough free space for movement and the overall mass transfer decreases.

4.2.8 Variation Of Mass Transfer Coefficients With Bed Voidage

Figure 4.10 and 4.11 shows the variation of the mass transfer coefficient with bed voidages
for different particle sizes 1 mm and 2 mm. For all the three particle sizes, it is observed
that the maximum value of mass transfer coefficient occurs at voidage around 0.8. Walker
and Wragg [31] studied mass transfer rate with much smaller glass particles (0.274 ~ 0.548
mm) and their data exhibited a maximum value of mass transfer coefficient at voidage € =

0.7 ~0.75. From several studies Walker and Wragg [31] concluded that the maximum value

of mass transfer coefficient in the voidage range of 0.7 to 0.81 occurs because the kinetic

energy imparted by the particles are maximum in the above voidage range. Maximum kinetic
energy imparted by the particles to the electrode and maximum mass transfer rates are
closely related. Puiggene J., Larrayoz M.A. and Marty A. [28] have plotted curves

showing the relation of mass transfer coefficient vs. electrolyte velocity and voidage vs.
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tluid velocity. They obtained that the maximum mass transfer rate and the maximum voidage

occurred at the same velocity and the maximum voidage was about 0.78. That is they

obtained the maximum mass transfer at the voidage of about 0.78. Gomes E. obtained the

maximum mass transfer voidage 0.81 for 3.0 mm particle and 6.82 for particles 4.5 mm and

6.0 mm diameter.

Smith and King {39] from their experimental results concluded that the value of voidage at

which the maximum mass transfer occurs increases with the increase in particle size.

This mnplies that the present study is in quite agreement with the above mentioned author.

4.2.9 Overall Mass Transfer Correlation:

From tigure 4.12, 4.13 and 4.14 the relationship between Sherwood Number and Reynolds

number can be obtained for particles of 1 mm, 2 mm and 3 mm diameter respectively. It

can be seen from the figures that the slopes are 0.8, 0.5 and 0.4 for 1 mm, 2 mm, and 3

mm diameter paricles respectively.

The following relations can be obtained:
Sh=aRe °° where a=0.10 g/g
Sh=aRe °° where a=012 ¢g/¢

Sh~=aRe °* where a=0.17 g/e

For 1 mm diameter particle
‘For 2 mm diameter particle

For 3 mm diameter particle

The value of the slope decreases with increase in particle size. This indicates that, for,

smaller particle, the effect of movement of electrolyte to the wall is more pronounced and

more turbulence is created and for larger particles this effect decreases: giving rise to

uniform distribution of the deposit. That is, with particles of larger diameter the uniformity

of mass along the length of the electrode can be obtained.
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Figure 4.12: Sherwood Number Vs. Reynolds Number for 1 mm (dia)Particle
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Figure 4.13: Sherwood Number Vs. Reynolds Number for 2 mm (dia) Particle
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Figure 4,14: Sherwood Number Vs. Reynolds Number for 3 mm (dia)Particle
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[t 15 apparent that for particles of 1 mm diameter the value of the exponent on Reynolds
number ts 0.8 that indicates the vuluc of the exponent during axial flow. In the case of
sinaller particles the contribution on mass transfer 1s the same as that without any particle.

As the particle diameter increases, the influence of axial flow on the mass transfer

decreases.

It can be seen that the value of ‘a’ is higher for larger particies. In the previous discussion it
has been shown that the mass transfer rate 1s higher for larger particle. That is the value of a
has a significant role on mass transfer coefficient and a is dependent on the diameter of the
particle. Hence attempt has been taken to correlate a with particle diameter and the

following empirical correlation is obtained:

a=014(d ,¢)’e/e Where b= 10d De
d, = particle diameter, mm

De= equivalent diameter, mm

g = voidage before fluidization

g = voidage after fludization

When the diameter of the particle is increased it contributes on the exponent b. The value of

‘a’ also increases with the tncrease in diameter because the product of particle diameter, d,

and bed voidage, € increases. The exponent, b on (d pE) also increases.
From the above discussion the following relation can be drawn:

Sh = 0.14(d ,€)° e/e Re) ©

Where
c= 0.8 For 1 mun diameter particle
c= 0.5 For 2 mm diameter particle
c= 04 - For 3 mm diameter particle
62
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CHAPTER- 5

5. CONCLUSION

Results obtained in the study of effect of fluidization on mass transfer behavior in the

electrodeposition on parallel plate electrode, 1 mm, 2 mm and 3 mm grass beads were used

as fluidized particles. Four initial bed heights for each particle were used for each bed

initial bed height flow rates were varied in the range of 5-8 lit/m to 16.3 lit/m. The following

conclusion may be drawn :-

(a)

(b)

(c)

(d)

(¢)

-

M ass transfer increases with increase in applied voltage till limiting current plateau

is reach on the v-1 curve.

In the limiting current region the concentration gradient in the electrolytic cell is

constant at the maximum value
The mass transfer rate in a parallel plate electrolytic cell is constant in its mid part.

The mass transfer rate increases with increase in the electrolyte flow rate if the
particle size and initial bed height is fixed . But after a certain electrolyte velocity it

decreases slightly. So mass transfer rate is maximum for a specific electrolyte flow

rate.

For a specific fluidized velocity and for specific fluidized particle the mass transfer

rate increases with increase in initial bed height upto a certam lunit.

For a specific electrolyte velocity a specific initial bed height the mass transfer rate

increases with increase in particle size.!|. 7 .. Ui oo oo o Ty
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For a specific particle and specific flow rate the mass transfer increases with

increase in bed height upto a certain limit.

For a specific particle and specific electrolyte flow rate the mass transfer increases

with increase in voidage upto a certain limit and it is highest for a voidage of 0.8.

The Sherwood number increases with increase in Reynolds number for a specific

“article. The slope of log-log plot of Sh vs. Re is independent of initial bed height.

The slope is 0.8 for 1 mm particle and 0.5 and 0.4 for 2 mm and 3 mm dia. The

slope decreases with increase in particle size.

The relation between Sherwood Number and Reynolds Number is , as follows:

sh = 014(d ,)°efe Re) ", c= 0.8  For 1 mm Diameter Particle

Sh=014(d ,g)° e/e Re) ¢= 05  For 2 mm Diameter Particle

Sh = 014(d ,e)°efeRe) ", ¢= 04  For 3 mm Diameter Particle
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CHAPTER-6

6. SUGGESTIONS FOR FURTHER WORK:

To obtain more accurate result wide range of electrolyte flow rate should be used to
observe the profound effect of electrolyte flow on cathode current distribution for the

electrolyte flow cells.

For electroforming and electroplating, wide range of electrolyte concentration should
be used for the observation of the effect of electrolyte concentration on cathodic

deposition.

To observe the nature and rate of deposition with more accuracy, gradual increase

and wide range of current density should be used for electroforming and

electroplating.

For further work, the effect of distance between the anode and cathode on the rate
deposition and the effect of electrolyte pH on cathodic deposition rate as well as the

hardness of deposits for copper electroforming should be mvestigated.

Particles of different shape and size should be used to investigate the effect of

particle shape and size on the mass transfer coefficient.

Cell of different size can be used to investigate for all the above experiments to

mvestigate the effect of cell size on the mass transfer coefficient.
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CHAPTER- 7

7. NOMENCLATURE

Cg Bulk Concentration, gm mole/cm®
Cs Surface Concentration, gm mole/em®
Diffusivity of The Ions, cm’/s :

D, Equivalent Diameter

d, Particle Diameter

F Faraday (= 96500 Coulombs)

Fror Froude Number At Minimum Fluidization Velocity
AG Free Energy Change

AG® Standard Free Energy Change

I Amount Of Current Passed

i | Current Density, amp/m*

i Limiting Current Density, amp/m*

i, Exchange Current Density, amp/m*

In Mass Transfer J-factor

K Overall Mass Transfer Coefficient, m/sec

Kl Local Average Mass Transfer Coefficient, m/sec
Kcav Cumulative Average Mass Transfer Coefficient, m/sec
L Length At The Electrode,

N, Activation Overpotential, Volits

N, Cumulative Overpotential, Volts

P, Prandtl Number

Re Reynolds Number

Re; Modified Reynolds Number

Sc Schmidt Number

AA



Sh
St
Sty

Sherwood Number

Stanton Number

Modifted Stanton Number

Absolute Temperature, °K

Time of Passage of Cumrent, sec

Superficial Elect  rolyte Velocity

Mimmum Electrolyte Velocity

Voltage Applied Voltage Across The Cell, Volts
Minimum Electrolyzing Voltage

Number Of Electrons Involved In The Reaction
Bed Voidage.

Viscosity Of The Solution, cp

Kinematics Viscosity, cm %

Thickness Of The Diffusion Layer, cm
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APPENDIX - A

A. REVIEW OF ELECTROCHEMICAL PRINCIPLES
A.1 INTRODUCTION

A review has been made of relevant literature together with a study of the theoretical
principles governing the electrodeposition of copper in the electrodeposition of the copper in
the electrochemical reactor. The main aspects that have been considered here are electrode
kinetics, mass transfer principles and current distribution in a parallel plate electrochemical

reactor.

A2 BASIC ELECTROCHEMICAL FACTORS
A.2.1 Faraday’s Law of Electrolysis
Faraday expressed the two following laws

(1)  The amount of electrochemical deposition produced by a current is proportional to

the quantity of electricity passing through the electrolytic solution

(2} The amounts of different substances liberated by the same quantity of electricity are

proportional to their chemical equivalent weights.

The second law states that the quantity of electricity required one gram equivalent of
product should be independent of its nature; this quantity is called Faraday and symbolised
as F. Hence the following formula may be drawn

i.e., Mole produced {n) = It/zZF (A1)
where,

I = ' the amount of current passed, Ampere
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t = the time of passage of current, sec.
Zz = the number of electrons mvolved in the resction

v+ the one Faraday (= 96300 Coulombs).

Very otften more than one reaction occurs at the electrode. Tn the deposition of metaf, there is
evolution of hydrogen or codeposition of another metal with that of desired metal. To
achieve a good product purity without any side reaction, the reactor must be operated in a

range of electrode potentials which ensures only the desired reaction to take place.

A.2.2 Minimum Electrolysing Voltage

In an electrochemical reactor, electrical energy is supplied to increases the free energy of
the reacting species which changes the free energy difference to a negative value and
consequently promotes the reaction. The electrical energy is supplied by applying a certain
voltage to the reactor. Minimum electrolysing voltage for a given process can be defined as
the applied voltage necessary to keep the system at equilibrium when no current flows. The
minimum electrolysing voltage, V.., is related to the free energy change for a cell reaction
at a certain temperature and pressure under thermodynamic equilibrium and it can be written
as,

AG=zFV, | | (A.2)

where,

AG = the free energy change ‘,
z = the number of electrons required for either electrode reactions to produce 1

molecule of product.
F = theFaraday’s Constant

The free energy chiange for an overall reaction



ad+b8 —seC+dD

can be wnitten as

c _d
AG=AG® + RTIn 222D A3
L :
where, R =  the universal gas constant

T = the absohite temperature

AG® = the standard free energy change

a, b, ¢ and d are the stoichiometric coefficients of the reactants and the
products

34, 21, 4 ¢, 4p are the activities of the species involved.

If all the constituents are at standard states, the minimum electrolysing voltage will be

standard minimum electrolysing voltage and it can be wnitten as :
AG°=zFV;, (A4)

where 7, is the standard minimum electrolysing voltage corresponding to unit activity of A,

B, C,and D.

Combining equations (A.2), (A.3) and (A.4), mirimum voltage can be found as,

[4 d
2FV, o =2F V7, + RTIn 282D - (ASa)
, ay ag
c d
v —ve A acn (A.5b)
S L
“ t4AYB
This leads to the Nernst equation :
vy RTin Product of the activitiesof reduced species AS)
"M oF | Productionof theactivitiesof oxidized species '
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The minimum electrolysing voltage of an electrochemical cell is the difference between the

equilibrium or reversible anode (V » and cathode (V ) potentials which can be expressed as: -

(A7)

The equilibrium anode and cathode potentials are those electrode potentials which are just
sufficient to allow the cathodic deposition and anodic dissolution reactions to proceed at an

electrode surface at equal rates so that no net change occurs.

A.2.3 Reactions in Copper Deposiﬂon Systems

In the electrorefining processes, the copper deposition takss place in an electrochemical
reactor which consists of impure copper anode and a thin sheet of pure copper cathode
immersed in an acidified copper sulphate solution. At the soluble anode, metal is oxidized

and dissolved as copper ions as follows ;

Cu—Cu’ +2e V=034V (A.8)

where V7 is the standard equilibrium potential for the reaction at the anode when ail the

species or ions present are at unit activity. As previously stated, the equilibrium potential
depends on the activities of the species present in the system, as well as the temperature and

pressure, but for a rough estimation the standard equilibrium potentials will be used.

At the cathode the reduction of ion takes place to deposit copper,
Cul*+2e >Cu V=034V | (A.9)

Thus, the theoretical minimum electrolysing voltage for the overall reaction is (0.34 - 0.34)

= 0.0 volts.

At high current densities and a sufficiently more negative cathode potential, a secondary

reaction occurs, namely hydrogen evolution, as
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IH +2e—H, V=00V (A.10)

The cathode potential should be controlled so that the hydrogen evolution reaction does not

occur because it will reduce the current efficiency of copper deposition m the reactor.

A.3 PRACTICAL VOLTAGE REQUIREMENTS

A.3.1 Operating Voltage

In actual operation of an electrochemical reactor, the cell operating voltage is larger than the
equilibrium value given by the Nernst equation and can be expressed by considering only

one reaction at each electrode as
Ve, =V, + S, + S, 4V, | (A.11)

~ where,

V = cell operating voitage
Zn, = combined activation overpotential for both processes
Zn, = combined concentration overpotential for both processes

V;  =potentia {drop across the electrolyte.

An overpotential can be defined as the extra energy necessary to reduce the energy barrier of

the rate determining step to a value that enables the electrode reaction to proceed at the

desired rate.

A.3.2 Activation Overpotential

Activation overpotential is basically an electrokinetic phenomena and associated with the
charge transfer mechanism. It is caused by the irreversibility of the electrode process. The

irreversibility of an electrode process increases as the voltage applied to the cell is
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increased, altering the potential of each electrode.

A theoretical expression can be obtained for the activation overpotential by considering the

kinetics of a reversible electrode reaction

O+2e <> R (A12)

The current density of deposition, i, is related to the overpotential by Arrhenius type rate
- constant activation energy relationship. Thus an equation for the cathodic current density can
be expressed (for small concentration changes between the surface and bulk concentration)

a8 !

—zF n (1-ex)zF n
= Xp ~———=~exp{——2"_ "¢ Al3
i oHep o7 } xp{ o7 H (A.13)
where,i =  cathodic current density

I, = the exchange current density

o = the fraction of overpotential assisting the discharge process.

For appreciable overpotential, when n, is greater than 0.05 volts, the second term in equation

(A.13) which represents the reaction rate in the reverse direction can be ignored.

Consequently,
i=i,exp {—_—E;i;ji} (A.14)
Rearranging in a more convenient form we ﬁave,
n, = RT Ini, - RT Ini (A.152)
azF azkF )
of, ng=a+blogi , - (A.15b)
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RT Ini, and b=-2303 RT
azk  @zF

where a=

Equation {A.15) is the “Tafel Equation” which relates overpotential to the net apodic or
cathodic current. Tafel equation is most widely used especially for engineering purposes
since it has a practical form and it satisfactorily represents the conditions in industrial

electrochemical reactors.

A.3.3 Concentration Overpotential

As metal deposition proceeds in the electrochemical reactor, the concentration of the
reacting species or ions close to the electrode surface decreases in the absence of adequate
supply of fons from the bulk of the solution. Thiz is associated with a rise in electrode
poteniial as given by the Nernst cquation (A.6) and is known as concentration overpotential.

The movement of jons is controlled by Huee processes

(a) Molecular diffusion
(b) Reactant transported by macroscopic hydrodynamic flow known as “convection”.

(¢) Movement of ions under the influence of an electric field called “onic migratior”.

The effect of ionic inigration is wsually very smalil in practical electrochemical reactors,
including the copper deposition systems. As the solutions contain excess of an indifferent

clectrolyte normally acid, the hydrogen ion being the main species that carry the electricity

through the solution rather than the Cu** ions. Convection effected by stirring or flow helps

to keep a uniform concentration of the electrolyte in the cell as well as near to the electrode

wall.

A relationship between current density and the mass transfer coefficient can be written as

i

;"}_ZK(CB—C.S’) (A-lﬁ)
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where,
K = mass transfer coefficient
Cp = the bulk concentration of sohition

Cg = surface concentration,

This expression is an alternative approach to that of Nemnst and Merrium’s diffusion layer
theory for flow systems. The motar flux across the diffusion layer can be expressed by using

Fick’s law of diffitsion as

D
:5—(05 _Cs) | (A17)

where,
D = diffusivity of the tons
d,, = thickness of the diffusion layer.

Considering Nernst equation (A.6) applied to ionic concentration for a cathodic deposition

reachon of the form
MTszeo M (A.18)

The value of concentration overpotential is given by

n,=Vo—V, AT s {A19)

Y

where,

ik

¥, = cathode potential duing operation

Ve = equlibnum cathode potenhal
Cg, Cp = surface and bulk concentration of the reacting species.

The simplification made for the derivation of equation (A.19) is based on the consideration

of perfectly reversible the processes are irreversible process and it neglects any kinetic -
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effect. In practice most of the processes are irreversible for the deposition of metal or any

other reactions o occur.

A.3.4 Concept of Limiting Current Dersity

As the current in the electrodeposition of a metal increases, the concentration in the vicinity
of the cathode decreases until it becomes so small that a substantially constant current
densnty is reached, giving the largest concentration gradient and the highest diffusion rate.
This constant current density is referred to as the limiting current density. The limiting
current density may also be defined as the maximum operating current that can be generated
by a given clectrochemical reaction, at a given reactant concentration, under well established

Iydrodynamic conditions or under steady states.

According to the definition of limiting current, Cs becomes negligibly small so that equation

{A.16) becomes
L. KC A20
e 5 (A.20)
where,
. = limiting current density.

For a real process Cg is not zero and it has a finite value for an electrochemical reaction to
occur, otherwise the concentration overpotential will increase to an infinite value. By
eliminating K and zF between equations (A.16) and (A.20) the ratio of concentration

becoines

Cy—Cs _C;s_

Cs

=]- {A.21a)

ifi,=
B
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R | (A.21b)

Combining equations (A.19) and (A.21b) the value of concentration overpotential is given

by

n, :Eln(l —i] | (A22)
zF i _ :

The effect of concentration ovefpotential in an electrochemical reactor can be reduced by
increasing the mass transfer rate (i.c., decreasing the thickness of diffusion layer), resulting
in an increase in the limiting current. The mass transfer co-efficient depends on the shape
and entrance condition of the cell, the electrolyte and the reaction taking place. The limiting
current can be increased by increasing the temperature of the electrolyte causing an increase

i diffustvities.

Figure 2.1 shows a typical polarization curve characterized by the occurrence of a limiting
current plateau and this is terminated by the onset of a secondary reaction, usually a gas

gvaluation.

I (amp/m 2

v

Potential (V)

Fig. A.1: Typical Polarization curve.
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For the systems where secondary reaction affects the operation of the reactor, most of the
reactors are operated below the limiting current. Practical operation of electrochemical
reactors are carried out well below the limiting current, because the application of increased
voltage at this stage does not improve the reaction rate and decreases the current efficiency.
Nevertheless, limiting current measurements provide a very convenient technique for mass
transfer studies because mass transfer coefficients (K) can be readily and aécurately
calculated from the experimentally obtained current plateau on a current density - potential

plot as shown in Figure 2.1,

A.3.5 Potential Drop in Solution

This added energy is caused by a change in solution cond_uctivity and by the formation of
poorly conducting films on electrodes. This has also been designated as ‘IR’ drop. The
conductivity of an electrolyte can be related to the solution voltage drop by the following

equation

Vems (A.23)

where,
S = distance between the electrode, m.
k = electrolyte conductivity, mho/m.

The conductivity of the solution can be increased by the addition of excess indifferent
electrolyte which is normally acid or alkali and the presence of indifferent electrolyte

reduces the migration flux of the reacting species.

A.4 Current Distribution in an Electrochemical Reactor

.- e -

A desirable electrochemical reactor is one in which the current is uniformly distributed.

Irregularities from the average current densities and uneven potential distribution can lead to

r
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a loss in product selectivity and local corrosion problems. For a parallel plate reactor,
having an electrode of equal area on the entire opposite side of the reactor one would expect
uniform current distribution due to symmetry. When the electrodes are polanized, the current
distribution in a reactor not only depends on the geometry of the reactor and electrodes but
also on the reaction occurring at the electrode surface, the electrolyte composition, the effect
of ionic migration and concentration gradient aina voltage drop within an clectrode. These
cffects are very important for systems where reactions are slow, reactions otcur in a narrow
potential range, electrolyte conductivity i1s low and where the cell is operating much below

the lmmiting current.
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APPENDIX - B1

CELL DIMENSIONS, PHYSICAL PROPERTIES OF COPPER SULPHATE IN
SULPHURIC ACID SOLUTION AND OTHER RELEVANT DATA OF
FLUIDIZED BED

The physical properties of 0.015 M Copper sulphate solution in 1.5 sulphuric acid has been
taken from Stanmore and Wilson. They collected the data from several sources. For dilute
solutions, the diffusivity of the copper ion can be taken equal to that of capper sulphate

without any appreciable error.

TABLE B.1
Solution Charactenistics for 0.015 M Cu SO ¢sn15MH .80,
Temperature (  °C) Diffusivity Kinematics Schmidt No. S¢ =
D{cm 2/sec) x 10 ° Viscosity cm  “/sec v/D.
21.5 6.15 1.035 1682.9
30.0 7.89 0.889 | 1126.9
40.0 9.50 0.718 754.0
The Cell Dimensions
Length of electrode (L) =03m
Width of the electrodes (W) =0.2m
Spacing between the electrodes (S) =002 m
Equivalent diameter (De ) =0.03636 m |
) e
Aspect ratio (s/w) - =0.1 -
“ O}



Total Electrode area (L*w) =0.06m °

Cross sectional area for flow (L*w) =0.004m

The Data for the Fluidized Bed -

Average diameters of the glass particles = 1.0 mm, 2.0 mm and 3.0 mm. Density of the glass

particles = 2550 Kg/m?

TABLEB2
Static bed Voidage and Froude number for the glass particle.
Particle size, mm Density ps, Kg/m * | Static bed Voidages |  Froude number
(€0) (U’ mrlgd )
1 ' - 0.375 0.18
2 a 2550 0.40 0.25
3 - 0.42 0.33

Minimum fluidization velocity, Umf has been calculated theoretically.
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APPENDIX - C

LOCAL CURRENT OF INDIVIDUAL SECTION FOR INCREASING APPLIED
VOLTAGE




 JL S

Table C1: Local Cwrent of Individual Section Tor —Lu"re-.\sing Applied Voltage

Pa.rﬁcle Size = D (dia) Indtial Bed Heght = 6.0 an Fiowrate = 5.8 Lit' min
Tempaature = 19 Voidage = 0.9 '
AP
4 v oo L I A ¢ L p ;l
m vy ;i’
; .i i ! ] ' | Pb
50| 100 | 150 | 200 | 250 | 308 | 550 | 400 | 450 | 500 | 550 ||
[S]1. | 434 |685] 82 104 12 135 139111,: 217 282 | 329 |
el2 358|657 ] 8 | 8 | t1z]135 138 14 205 2 | 327 5]
o3 358|564 75| 85 11 | 12 12812 119 26 | 307 4
| 14 [334)55) 75 85 1nz 11 11.9 | 11 :!194 25.7 | 30.4
|15 1334]85]| 75|85 102! 11| 12 | 12 18.4] 257 | 304
_' 6 |11.51(17.2 (2045 22.8 | 23 238|242 2v.7| 39 | 50.2 | 69.1
(017 10431572041 22.6 | 23 [225] 25 | 73 |37.4] 48 | 66.9
vl [ 9.75 [15.2]19.86] 10.5 | 205 | 19.8 | 20.1 | 226 36.4| 46.6 | 655
| 19 | 9.31|14.2[18.9 | 18.5 | 19.8 | 19.7 | 20.5 | 21.7 | 36.4| 466 | 65.5
|| no | 8.04 135! 187 165 16 | 157 [17.7 |18.5|57.5 | 358 | 547
lm | 322056 62 105 26! 03] 98! 08!152] 203/ 255
||n2 [304]54] 6 76183 93 95 08 152|203 25
h3 |304]54] 6 7.4 84 o505 o5 154 207 244
lyna [ 324 56| 62 7.8 | 86 93| 95 | 95 165 20.6 | 255
15 1424 | 65( 7.8 | 28 | 93 | 11 1115 1z [17.4] 21 | 268
Total | 84 | 133 |169.2)186.6.200.2| 211 (2201] 727 | 367  463.7| 606
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Particle Size

Trn (dia)

Table C2: Local Current of Individual Section for Increasing Applied Voltage

Flowrate =

Initial Bed Height = 6.0 ou

Temperatare = 1%

79 Lit oun

4¢——Vv 0 T A G E P
{m B
a
i i ! i i
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| 14| 339 595 6.55 C‘d: 5260 893 1028 135 216l 257 288s
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Table C3: Local Current of Individual Section for increasing Appiied Voltage
Particle Size = fmm {dia} Initial Bed Height = 6.8 cm Fiowrate = 5.9 Lit/f min
'Temperature =24 L Voidage = 9.9
4——vVv O L T A G E »
(m V)
- ! ! :
snof 100 150; 200 2e0]  200]  350] 4007 4507 600 &80
_ﬁi 1], 434] 738 9.23 113% 1329 1523¢ 1634] 0% LBC’{ 352, 38.72
_L 2| 353 6431 9.02 10 7 1209t 1542 1895] 20 ! ;3.72 35 s; 33.52
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| 5 3.34] 623 243 10.2) 1209 12637 13.468 15.3 2?5: 133 3622
_15 6! 11.51| 20.13| 24.57 258 30E41 30320 30.04] 505 TES‘i 3061 92.4
L_CE; 7] 1043 1866 2453 296 30 56l 35.021 28.84| 482 70 :5 3.4 90,2
__T'- 8 9.75| 1812] 2388 26,3‘ ZB.05] 26.32) 25.54| 47 3; RS "' 77 2.2
1O g{ 9.31| 1713| 2302 253| 27.45] T672| 26.34] 465 455 ol 771 388
| N 10 S04 1642 22852 23.3] 23561 22220 2354 4270 103! RR.Z 72
i 1 322) 633 723 122 1:}..'1,9[ 1083 11.26] 16.1| 2341 279 332
| 12 304 613} 703 g3 1015 3531 11268 151 234 2751 3032
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Y 15 4.24) 7323 8.83 1051 41.280 124631 1296 183 .238l 259 3242
Total o4 (tild 200 238 257 ! 260 264 | 415 513 ‘ 6592 § 780.5
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Table C4: Local Current of Individua! Section for increasing Applied Yoltage
Particle Size = 1mm (dia) Initial Bed Height = 6.0 cm Flowrate = 10.5 Lit/ min

Temperature = 28 C Voidage = 0.9

4¢&——VvV 0 L T A G E . 2

' im ) '
&0 100 150 200 250 f J0G 350 409 460 i 500G 550
_g 1 591 23.738 106 1290 Ah16] 1673} 2616 23‘1‘ 33.37 44 Q7 f1.47
_:; | 2 . 518] 7.83 10.4 11.21 14.35] 1663 20.186 22.9l 32471 43.87 | 51.27
_O 3 b5 723 8.9 11.31 1416F 1513 1908; 241.7{ 31.07{ 41.87) 4927
__‘EE) 4 4.91 7.63 9.9 11.31 132381 1413 18.16{ 203! 31.07| 4157 43 .57
| 5 4.91 763 9.9 1131 13351 1413 18.261 2009| 31.07| 4157 43957
| s L+ 17791 2572 3005 34! 364 35.3] 49.24] 61.3| 85.63| 113.84] 143.33
_g 71 168.71 2&.26 J0.01 341 35847 35| 4B04| S5E85| S4.08] 111.64| 141.18
_-*; 8l 16.03] 23.72| 25.46 307 33.14 323 4514| &3.2| 23.08] 110.24| 139.78
| o 9 | 15.68| 22.73 2858 2971 32.54 3220 A554| 57.3) 53.03] 110.24| 139.78
] N 10} 14.32] 22.02 283 27.71 28.64 2021 42747 EB4.1] B4.12| 99.44| 128.98
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iTotal 1311 197 241 270 29 305 i 408 494 717 940 1163
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Table G5: Locsl Gurrent of Individual Section for  inereasing Applied Vollage

Particle Size = 1mm {(Jis)} initiai Bad Height = &0 om Fizwrala = 11.4 Lit/ min
Temperature = 2% G Vioidage = 0.2
f—— VvV G i A G e b
i V)
i e
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Table C6: Local Gurrent of individual Section for Incressing Appiied Voitage

Paﬁicle Size = 1mm (dia) Initial Bed Height = 6.0 cm Flcnwr'ate.: 12.7 Lit/ min
Temperature = 29 C Voidage =05
4___\.’ T A ’
. (m V)
!
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Particte Size

1mm {dia)

Table §7: Loca! Current of Individual Hestion fur fnoreasing

initiai Bed Height = 64 om

Temperzture = I35 6
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Table C8: Local Gurrent of Individual Section for ncreasing Applied Voltage

Particle Size = 1mm (dia) Initial Bed Height = .0 cm Flowrate = 5.8 Litf min

[
h

- Temperature = 25 © ' Vaidage =10,
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_Z 31 578 . 10| 13.43] 1647 2063] 2437| 2B.96 34.?7§ 35.07) 48.2] © 595
E ol 554 104] 1343 15.47] 1932 2337 2o0el 3387 37 479l 692
] 5| 554 104| 13.43 10471 192 2337| 28.16| 3397 3587 479 592
i 6f 2031] 3681 a4.17| soee] s1m2| 7328 mE.s4| 1136] 1045] 133 1843
|E 7| 19.23| 35.34] 44.13] sossi si52! 7158 27.64) 1109 10330 136.8{ 1821
_('.: 8| 1855 348! 4388 4738 59020 6923 24741 1105] 1023] 135.4] 1807
! 9! 18.11| 33.21| 4262] 46138 5542 55.13| °5.14] 1056 10230 135.4] 1807
*S 10| 1684 331| -4242] 4433 5452] 5518 £2.34] 105.4] 103.4] 124.6] 1699
| 11]  5.42] 108] 12.13] 1747 12.23] D167] 2696| I TT| 67| 425 543|
| 12|  524| 103| 11.93) 1457 17.93] 21671 2586| 31.77] 31.67] 425 538
| 13| 524] 103} 11.93 1437, 1203 21871 266d| 31.47] 3187 a29| 832
i 14) 544] 105 1213 1477) 19.23] 2167| 2666 31.47) 3257, 428 543
|1 15| 64| 1.4 1373 1577] 185 23370 27.86| a3sr 3287]  432] %6
Total 450| 279.2| 347420 3955 4o9.4] m224| 7049 £26.1; 2505 1135.7; 1470
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Table C9: Locai Current of Individual Section for increasing Applied Voitage

Particle Size = 4mm (dia) initiat BEed Height = 5.0 cm Ficwrate = 7.9 Lit/ min

Temperature = P25 G Voidage = 0.85

4+ v O L T A G £ »
fm ¥V

.
50/ 400! 150 200{ 250l 300l 350 400 450 50D BSO
i 1| 671} 9.24f 1076 128 1436 1643 16.86] 204 25, 35.3| 38.15
1y 2| 595 829 1056] 118 1408l 1633 1688 202 273 34| 3r98
_g 3] 5095 765 1006] 413 1288 1483 1575 15 267 334 3598
_2 4l 571 '3.09 10.06] 11.3] 1308 13.33] 1485 18.1! 2671 3238| 3565
| 5| 71| co0s| 1008 113 1306l 1383 1495 182 2670 328 3565
s 6| 4539| 21.98] 25.12| 234 2384! 2952 30.44| 449] 626 73| 845
Lg 7] 14.21| 2071 25.08] 284 2084} 2822 29.24) 422] 61, 708 823
Tl 8| 13.63] 19.97] 2453] 251 zs.:La 2562 26341 418) 66! 6941 809
i 9| 1129} 17.08| 21.67| 222| 2334] 2352| 2484/ 39| &81] 4&15 79
rN s0| 10.02| 16.37] 21470 202 49.94| 1952 2204] 358| 59.2| 567| 682
| 11] 439] 699 7.56| 12.1] 10.25] 10831 11.56) 148] 243 264] 2955
i 12|  421] 679| 738 2 995 1053 1956 148] 213 781 2905
i 13| 421| 678] 7.36 9/ 10.05] 11.13] 1126 145 215 06561 28.45
I 14| 433 9% 755 94l 10628 1053 11.26] 145 228 267 29,55
15|~ 55| 7.89 ‘9| 10.6| 4096| 1273] 13.36] 17| 237{ 26.8/ 30.85
Total 147.37] 173 2| 2332] 24l71 26820 274.2) 3752] 548.2] 6387| 7267
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Table C10: Local Current of Individual Bection for Increasing Applied Yoltage
Particle Size = 1mm (d:ia) initial Bed Height = 2.0 cm Flowrate = 3.9 Lit{f min

Temperature = 23 . Voideage = 0.61

4¢&— Vv © L T A G E -
: {m V)
{

) 50, 00| 150] o200l om0l a00]  @sol  400] 4sc]  so00)  ss0
_i 1| 624 928 1113 137] 1679] 17.a3] 1rosl 224 gl 977] 4062
_; 2| 548| £33] 1083 125 1459 17.03| 17.26] 2221 306, 376 4042
10 3| 648] 773 10437 121] 4479 1553] 16.16 21 295 . 355 3342
ME 4] 524| 813] 1043 1"1 13.89! 14.63] 16261 26.1 :df' 5.2]  38.12
| 6|  624] 213 1043 121 129%] 1463 1636 202 o8 32| s
ﬂg G| 18.91! 2753 31.97 37 3?56! 37.72| 37.44] 583) 792 58] 998
[ 7| 17.83; 26.06! 3193 37 37.96! 3642 3624 £E6l 775 958 978
__TI 8| 17.5| 2552 31.38] 337 s6.4sl 3a72| 3834) s6ol 76| a4l 962
_g 5| 1674 2453 30.42] 327| 3496 3362) 3374 543 766| s44] 962
i 10]  A7.4] i5.44] 3022 307| 3055] 2562{ 3084; 514 7777 73 85.4
| 11| 532) 789 216 127 108 1453] 1545] 124 28| 297 307
i 12) 481 7.39) 796 58| 056 1153 1216 154] 218 257 2965
| 13| de1] 739 756 56 1068 1173 1138 164] 221 271 29.05
/)l 14] 495 7.59 3,\15 10 ;ocm 1153 11.86] 15.1] 232/ 73! 3014
L s 61| o45] 96| 112 1156 1333) 1396 176 265 274 3145
Totsl 141.71] 199.1] 2611|287 30*::5; 125 318] 463] e8n] 7365|2219
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Table C11: Local Current of Individual Section for Increasing Applied Yoitage

Particle Size = 1mm (dia) Initial Bed Height = 5.0 cm Flawrate= 10.5 Lit! min
Temperature = 2% & Yoidage =0.85

44— V 0O L T A G E B
{m V)
]

_ 5| 100f 150 200] 250 200f  350| 400] 450 500 50
__2 1  241] 1058 123 1514 17.36] 1883] 2236| 263 35.57| 4627 53.67
_: 2|  7.35) 1003 126 14] 1666 1323 7238 25.1= 34.37] 46.07| 53.47
|0 3] 735 9.43] 121] 135 16.35] 17.33] 21.268] 2391 33.27] 4407 E1.47
_2 A4l 7.4 953 121 4350 1556 1533] 2035 230 33270 43777 B1A7
| 5 741 983" 121 125] 1555| 1633 20.48| 3.1 33.27] 43.77] &147
S 6] 26.19] 34.13| 345 424 44.n4§ 44.7] B7R4| BLT! 94.08) 122.24] 15178
_(E; 7 -25.11 2265 /41| 424] 4404 43.4| 56.44 571 ©2.43] 120.04] 149.52
_'T[ 8| 24.43] 32.12) 37.85] 35.1% ;11.54 40.7' 5354; SG.6] 51.43| 112.64| 14818
_g 9 23.99'31_13 369! 3%1) 4054| 406| 5394| 557 91.43; 112.64| 148.12
1 | 10| 2272 30.42) 367] 361 37.04] 366 5i14] 625, 6268 107.84] 137.38
| 11 639 933 102] 149 13.36§ 1403 1766] 203| 2347 37.77| 4567
| 12] 621, 9.13 10 121 13.06! 4503] 17.660 203 28.47! 37.77; 4517
i 13f 621] 5.13 0] 41.8] 1316 14.23] 17.36 20 23.57! 37.77 4‘4-57
Iy 14] - 641 933 102 121 1336 1403] 17.46 20! 2577| 328.07| 4567
| 15|  9.01] 1243] 13.48| 142 156si 17.53] 2096 241] 3237 37| 48.47
Total 193.7| 2696| 3036) 3326, 3576 3R7H6| A706! 5566 77%' 1002.6{ 12266
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Table G12: lLocal Current of Inhdividual Section for increasing Applied Voliage

Particle Size = 1mm {dia) Initiz! Bed Height = 3.0 cm Flowrate =11.4 Li{/ min
Temperature = 25 C Vatdage = 0.85

44—V 0O L T A G E P

. {rma V)
B 50) 100; 150{ 200! 2E¢; 300 3500 400| 4500 500|550
_? 1| g2l 1238 145] 14| 1922) 2047 21.04] 257l 3597 ses7| 407
_1:{ 2]  7.86) 11.43| 143 16.04] 1822{ 2007| 2104] 255| 3477| 46.47| 5387
o 3|  7.86| 10.33| 13.8| 1554, 18.021 1557| 19.94| 24.3; 3357 44.47] 5187
_: a| 762 11m| 132] wesal wrzel 47s7| 1904 22.4] maerl aanz| sis7
1 5| 762( 11.23] 138] 15.54] 1722 17570 194 235] 3367 4417 5157
e 6] 26.23] 37.73] 43.25] 4G.56] 48.58) 47.7| 50.33] 69.3] 93.7] 121.58: 151.32
| |E 7] 2515] 36.26| 43.21| 48.56| 43.63] 46.4] 4913, S6.5] 92.1) 119.48| 143.18
_(T: | 8| 24.47| 3572 42.64] 4528; 4613) 437 4523 642 §1.1] 118.08| 147.78
ik B| 24.03; 3473] 41.7| 44.26] 4436 43.5] 4663 653] 91.1] 112.08| 147.72
_ﬁ 10| 22.76] 34.02|. 41.5| 4226{ 41.63] 39.6] 4383 62.4] 522 107.28] 13698
| 11 6.7[ 10.63] . 11.7] 16.74] 1487 15.07] 16.14] 205 28.67] 37.57] 45.87
] 12]  652] 10.33| 11.5] 13.84] 14520 15.07| 16.14]| 205 23.67] 37.97] 45.37
| 13] 652} 10.33] 115 13.64] 1364; 1527) 1654] 202) 02557| 3537 4477
N 14] _674] 10.83] 117 1404 14.0.,-5 15.07| 16:34] 2027 29.57, 3847 45.87_
L] 15| 7.64] 11.43] 13.4] 15.04) 1549] 1677 21| 227| 30e7i 3867 47.07
Total 19654 259 342| am  3s2) 3w2l4m131| sss| 775 1002] 1225

?7




Table G13: Local Current of individus! Section for increasing Applied Voitage
Particle Size = 1mm {dia) initis] Sed Heighi = 5.0 em Flowrate = 2.7 Lt/ min

Temperature = 23 £ Viodagas = 0.85

€ Vv 0 L T A G E P
(m ¥}

; 50| 00| 150| 00 250{  300] 350 400 dfﬂ:}é 500|550
j 1] 9.8 13.45] 1583 191 20.65] 2516 31.33] 32.23 3?.?3§ 50| 58.63
_L 2| s42| 122] 1583 181 15.86; 25.06| 31.33] 33.03| 3553 43.8) 58.42
|0 3| 842 11.6] 1643 175] 15.66| 2356| 30.23] 31.83] 36,43 473 56.43
_2 4] 8i2| 12| 1543 17.5| 1526 2056| 29.33) 30.83) 3643] 475 56.13
i 5| 813 12| 15.13] 176! 185.86] 2256| 29.43| 31.03] 3543} 47.5 56.13
S 6| 2907| 41.41] a547]  &7| sneal emna) s212) 400] 101.3] 1356| 17022
; 7] 27.99] 39.94| 4943 &7 5584/ 6554] 90.52| 97.32 99_:?;51 133.4] 168.02
_Ti 8] 27.31| 394 4858 53.7) £3.34] 6424] 5802} 9652 S3.72|  132] 166.62
_8 9| 2687 38.41| 4782| 527| 5274) £5414| B3.42) 96502 $8.72]  132| 166.62
i 10| 256] 377 47.42] 507| 4n04] s014] gse2| $2.82] 5582 121.2] 15582
i 11] - 756 11.6|.13.33 19| 1676 20.36] 26.73| 25.33 30.?3% 41.6| 50.73
i 12| 738l 11.4] 1343 161 16.46] o8| 2aval ze33 2073 ais| s023
] 13|  7.38| 11.4| 13.43] 155! 1686 2056 2643 28.03| 30.93 42| 49,63
N 14| 7.58] 16| 13.33| 16.2| 1676 20.35| 26.43| 28.03 az.uaf 418 5073
L 15|  853| 12.5| 1493| 17.3) 17.46] 22.06; 28.43| 3053 wssl  423] 6203
Total 2477 3163] 30862 ass.3] asns| sesal 7315] 785.4) s36.2) 11082 13664
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Tahle C14: Local Current of Individual Sectisn for incressing Applied Voltage
Particle Size = 1mm {dia} Initial Bed Height = 9.0 cm Flowrate = 147 Lit/ min
Temperature = 29 & Yoidage = 0.8h
4&————v o0 L T A G = o
{re V} i

50 160 150G 200 250 1 200 350 | 400 ’ 450 500 550

_ﬁ 1 944 1472 18.8] 2053 2546 3¢ 3586 M .57, ':'rD,T?: 6£3.7 78
_L 2 268| 13.77; 1846 1933 2486 298] 3586 6'1.37! 43.57 3.5 77.8
_0 3 868 1317 181 19.33| 24.46] 28.4] 34.76 40.17! 48.47 61.5 758
_[E) 4 8.44] 1357 18.1] 1923 2366 27.4] 33.86] 39.27) 48.47 61.2 75.5
i 5 8.44| 1347, 181 1933 2366, 274 3356 ‘3':'1!.3?E AS 47 61.2 75.5
] § | 6| 2881 46235| 59.75] 63.02] 73.74| 26.3|108.594! 1321 1522 1891 2454
_g 7i 2773 4492 59.71 6302 V374l 851107.74; 1294, 1506 96.9; 2442
| 1; 8 27.05| 4438| 58.16} 55.72; 74.24] £2.3}1104.34 125] 145.6] 1365] 2423
_g 9! 2661} 4339 582! £8.72] T0.64] 82.2{10524; 12811 14551 185.45| 2428
| ‘ 10 2534 4268 - 7“58 56.72| 6674 73.21102.44) 1245 15071 1747 232
| 11 7.92 13.27 | 16.4] 20.83! 21.66] 253] 31.36) 35.77] 43.&7 554 70.2
] l12 7.74| 1307 16.2] 18.03! 21.36; 2531 3136 3577 4357 65.4 69.7
i 13 7.74) 13.07 16.2; 17.83] 2148 25.56| 31.06 EG.ATE A4.G7 558 69..1
1 V/ 14). - 7.94; 13.27 .16.4 18.237 216567 253 31.05; 35.47| 4517 557 70.2
L 15 8.94| 1417 18; 15.23; 22.36 271 33.06; 35.97; 4507 56.1 1.5
Total 219.5]| 357.4] 469.72| 4542 5585 6355 8614 1031 1222] 1511.2] 194186
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Table G15: Locsl Current .::-f Individua! Section for increasing Applied Voitage
Particle Size = 1mm {dia) initial Bed Height = 12.0 cm Flowrate = 5.8 Litf min
Temperature = &% C© Voidage = 0.8
d&——— Vv 0 L T A G £ b
{m ¥}
“r_ &0 100 150 200 250 300 350 400 450 500 E50
__2 1 9.14] 14.15] 16,73 19.67) 24231 Z2.57| 3266 38.77} 4077 53 64.3
_L 2 514} 13.2] 16.53] 13.57 23.43! 28.47) 3266) 38.57| 3967 528 64.1
._0 3 8138| 128| 18.03] 1807 23.23i 2657 | 31.56) 37.37) 38.47 50.3 62.1
_E 4 5.14 13] 16.03] 18.07| 22.43] 2627, 30.66| 36.47| 38.47 505 61.8
| 5 3.44 13} 16.03] 18.07: 2243 2597| 3078 358.57| 38.47 50.5 61.6
3 S 6 27.41! 43.91| 51.27: 57.78% €282 B0.38) 5594 1207 1 "é’.-":i 146.10 1914
| g 7| 26331 42.44] 51.23| 5T.723| Sscel; 7HO0OE, H4.74 118 110.4) 143.5 185.2
B 1'- 8| 2565 419! 5063| 54.48| 6612| TH.32| 91.84) 117.6| 1¢3.4] 142.5] 1878
‘“g 9 .';’52‘; 40.91 4_1_-‘-9_?2 “ 83.48] 6582} 7523 9224 1167 10541 1425 1878
| 10 2204 383 '37.62 49 58! BG72) 70380 BT.AE4] 111.8) 108.6] 1258 1751
| 171 7520 126! 14.23] 19.57| 2033] 2277] 23.06| 33.57 3277 44.6 56.4
| 12 7.34] 12,4} 1403] 16.67| 20.03; 2377| 23.06! 33.87 33.77,  4d& 55.:1-;}
| 138 (7.34] 12.4| 14.03; 15471 2013 2357 27760 3357, 3157 45 55.3
SRR 14 7.54) 126] 14.23 16.87‘ 20.3'3' 2377 27.76| 33.57 35.0:-’1. 44.9 .56.4
L 15 8.54; 13.5] 15.823 1?.8’.«'; 2102! 2647 2976) 2807 3BT 453 57.7
Totai 20786 336.9] 40427 453) 5452, 6352 752 B43.2;) 218 1185.8| 15271

H
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Table C16: Lacal Current of Individusal Section for  ineressing Applied Vaitage
Particle Size = 1mm {dia) initial Bed Height = 12.0 com Fiomwrsta = 7.9 Litf min

Temperature = 2% ¢ © Waoidage. = 0.8

{rn V)

C }
A 1 9.41) 1154 13.46] 15661 17.56: 19.13) 19.565] 2341 J1.7i 38! 4085
_; 2 B8.65| 10.99] 13.26) 145 16758 1%.03| 19.56] 229, 30 5! 37.3| 4065
|0 3 | 2.65; 4039 1276 14] 16567 1763 15.46] 217! 254 358; 38.65

'

B g 4 841, 10.79| 1276 1:‘;‘ 15.75] 1663] 17.66{ 208 34| 355| 3835
i 5 8.41; 10.79; 12.796 141 15.76! 1653 1766 208 EB.AJ 355 3835
i S 6] 2279 2938 3252 35.8; 3624 3652 3784) 523 70 757 g7.2
i E 71 21.71] 2811 32.43| 358 3624 3562; 3I8864| 495.4] 624 73.5 35
3 1'- 8 2103} 27.37| 31.93] 325 3374 3252| 33.74] 452 &7.4 721 83.8
i o 9| 18.69] 24.48] 2907 2961 3124} 3092 32.24| 464 &£L5 702 31.7
1 N 10 1532 21.67| "26.77] 255 2524 2483 27.34] 411 645 694 70.9
i .M 708) 5.6%] 10.26] 14.8] 12561 1363} 14.26; 175 24 288 3235
| 12 691] 9.4% 1008 119 1266, 1363 1426] 175 24 8B 3NT5
i 13 691 9.4% 1008, 117 | 1276 13.83 13.5(‘5" 17.2) 242 2921 2115
Ly 14 7.09) 969 1025] 1210 1298] 1363! 1386{ 17.2| 253 2841 32.26
. 15 B2| 1059 41.7] 43.3] 1365 15.43| 16.08] 197 6.4 285] 3345
Total 179271 234.9) 270.1; 28954 3101] 3201; 3331] 4371 &i0.%1| 6752, 766.2
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Table G17: Local Current of Individual Sectioh for Increasing Applied Voltage

Termperzture = 2% & Vaoidage =

0.5%

Particle Size = 1mm (dia) tnitial Bed Height = 12.8 cm Flowrste =29 Lit/ min

¢———v 0 L T A G E B
(m ¥}
i ! ! l

~ 5G| 100{ 150] 200 PEQ; 300] 350 400, 450i  £O0) 550
_: 1| 864] 1158 1353 164] 1s.19] 1953 19688 248l 342 201! 4302
_:; 2| 7.88| 10.73| 1333 _ 15| 17.35; 1943| 1966; 246 33, 39| 4282
|0 3|  7.88{ 10.13{ 1283 14.5,; 17.43] 179a] smss| 234l sl arg| aoen
_2 4] 764 ‘10_53 12.83] 145 16.32! 1553] 17.68] 228 15 276] 4052
i 5| 764| 1053 1283 ta5] 1635 1593) 17.76] 226 ;5 3.6 4062
|8 6| 2631 34.93| 3937 444| 45036| 4512] 4484] 557 366 954] 107.2
__'(E; 7] 25.23| 33.46] 39.33] 44.4] 4535 4352 4364 63[ 35/  8§332] 105
j 8| 2455| 3292] 3s7el 41| 428s| 4112 4074 ezzaj:i 84{  91.8] 1036
_g 9| 24.11| 31.93) 3782) 401! 42280 4102] 41.14) 8170 84| 918 1036
1 |- 10| 248| 2284/ .37.62] 38.1| 3835 37.02] 38.34 Gf, gr1l 81| 928
] 11]  762] 989] 1045 151 13.16! i8.53 17.46 :L-—! a7 "’ 32 33
| 12| 681] 933 996 11.8] 1255 13E3| 1416 17.4] 235) 287 3165
| 13] e81| 938 995l 118 1zes| 1373 1388 174! 244] 291 31.05
N 14| 699 959 10.5 12| 1298 1383] 1308] 74| 262 23] 315
Ll 15| 94] 114s] 126 142 1456 1633] 1698 208 7.2 30.4| 3445
Total 202.01] 259.4] 311.4] 347.3| 366.65| 372.8| 3783| £22.3| 7955] 795.8| 8820
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Flowrate = 10.5Litf min

Table G18: Local Gurrent of Individual Section for increasing Applied Voitsge

|Particle Size = 1mm (dia) Initial Bed Height = 12.0 em
Temperature = 2& © ‘J;:nidsga = .55
¢—vVv o L T A £ p
(m V)
i [

~ 50| 100] 1500 2000 260; 200 350 400) 4500 500 K50
_2 1| 1051 13.33] 152 17.51 15.76] 21.33] 2476| 27.7) 3757 4367 £6.07
h; 2| 975] 1243 15) 164 13.5@1 2123] 2476) 276 3577 4247, 55.87
o 3| 9.75| 19.83] 145 159! 1878! 1973; 2366 253| 3567, 45471 5387
_2 4] 951 42.23] 145 159 17.86! 18.73] 22.76| 254; 35671 46.17| 5357
| 5| 9851|1223 445|455 1755 1R73] 2286] D255 3557 4617 5357
S 6| 3239] 4033] a4es| 4s25] 5024 €05| 6384] TES 100.3§ 128.44] 157.98
_;__-E; 7] 3131 32.86] 44.61) 4B6| L0224 436| 6284] 732 “B‘RS! 126.24{ 165.78
_1; 8] 23063| 33.32| 44.06] 453] 47.74] 465] 5D74| 72.3( 57.68] 124.84| 154.38
*S 9| 3019] 37.33] 434 2430 4714 458! 6014] 718| 97681 12484, 15432
| 10/ 2892 36.62) 425 423 43024 428 57.34] 68.7) S8.78| 114.04] 143.58
i 11| 859 11.63] 124 17.1] 1588 1523) 19.36| z25| 067! 39.97) 4787
1 12]  8.41] 11.33] 12.2] 142{ 1538 15.23] 15.85) 225 30.67] 239.97| 47.37
i 13| 2.41| 11.33] 122 14| 1536 16.43| 1956 222 30_3'?5 3997 4677
i 14 791 1083 11.7| 135 1425 46E3] 196, 216 .27 57| 4747
L 15| 1151 1463} 1568 167, 12.16] 2002 23.46, 26.6] 3457 42.37| 50.97
Tofas 247.3| 3132| 3572 38E2] 411.2] 421.2] 5242] §10.2{ 833.2] 1056.2{ 1279.2
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Table C19: Local Curreﬁt of individual Section for  [ncreasing Applied Voltage.

Particle Size = 1mm (dia) initial Bed Height = 120 cm Flawrate =11.4 Lit/ min
Temperature = 2& © : Veidage = 0.8
4 v 0 L T A G E b
(m )

_ 50] 00| 150, woo| o5ol 200  380| 400] 4ol 500 550
_j 1] 11.32| 14.83 17| 19.64] 21.72| 2267] 23.54; 282! 32.47] 49.17] £6.87
_L 2| 10.36) 13.93; 16.8] 15.54 20.?..;-5 2257| 2354 28| 37.27] 4397] 5637
|0 3| 1036| 1333| 163] 1304 2052 2107 22.44] 258 3547 4597 £437
_2 4] 1012| 13.73) 18.3] 15.04 1:.?25 20071 2154] 2530 35.47] 4667 E407
i 5| 1042] 1373] 16.3] 1204] 1572 2007 2164, 26 3m? 45.67] 5407
|S 6| 33.03| 4453] 5005 5536| 5648 s45] 5713] 76.4| 1006 128.43] 15813
_(E; 7| 31.95| 43.06] 50.01| 5536] 5E48| 532| £553) 73.4| 9590 126.28] 18592
_T, 8| 3127| 4252] 9.44] s208| 5258 s0s| 530a] 73| 97| 124mel ts4se
_3 9| 3083 4153) 435| 51080 81160 £o4] 53430 72| s7el 12483 15450
1 10| 2966| s0.82| 433| 4v0s] sod3i 54l sos3] sz 55| 114.03] 14378
i 14 85| 12.73] 139l 1zsal 1702] 1727] 1334 227 '0—575 4017 4807
| 12|  872] 1253] 137 16.04] 1e72] 1727) 1834] 227 a027 4047 47T
i 13| 872| 1253) 137] 1524 1622] 17.47| 1504 2240 3107 4057 4657
INf 14] . €.24] 12.33| 132 1654 1585] 16E7| 1734 217 3147 39957 47.37
| 15| 10.84] 14.63 ;16.3 18.24{ 1669 1587 242 269 2467 4187 s027
Total 254.34| 345.8] 3998| 4398 445.8] 450! 479.11] 6128 335_35 1055.8] 1282.8
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Table C20: Local Current of Individusl Section for Increasing Applied Vaoltage

Fiawrate = 127 Litf min

Particle Size = 1mm {dia) fnitisl Bed Height = 120 cm
Temperature = 25 ¢ Moidage = 0.8
4—v o L T A G £ b
{m V)

_ &0 100 150 200 250 200 360 400 | 450 S0 &50
-.i 1] 11.63| 1565 18.33 21.6; 23151 Z7.66; 33.83 3:-.?31 46.23 52458 61.13
_L 21 1092) 147 1813, 2205 2238 2754 33483 35,'53; 359.03 23, 6093
_ﬂ‘D 3| 10921 14.4] 17.63 01 2218 205) 3273 34.33% 37.53; 503 53.93
_g A 1068] 145 17.63 200 213251 ZH0&{ 3183 33.13! 37.83 EQ| 5863
i 51 10.63| 145 17.63 201 21330 25.06) 31.93 33‘53' .37.93 50| 5&8.63|
;5 6| 3617 48511 68627 K41 €294 75.234] 59.22 10?.1§ 1023.41 1427 177.32
_([:5;, 7] 3509 A?.Od £6.23] K411 &82.54] V4 3202 1044, 10580 1405 17512
_]; 8] 34.41) 465] B56E| 60.3] 60.44; 7134 95.1'2 047 1058 138.1) 173.72
"’3 9i 3397 4551 5472 53387 59.840 71.24| H5hR.E52 103.1; 0531 139.1] 173.72
i 10 327; 448 ) 5452 57.81 5594 67241 9272 9‘5.'.925g 10690 123.3] 162.92
i 11. 10.06] 141 | 15.83] 215 19251 2286 2023 30.33§ 33.23 441} &3.23
| 12 9.85] 13.5] 1563 1851 123%95] Z2.38) 2973 50.83; 3k3.?3 441, 8273
§ 13 988 1389 15.63 18.4] 15.06; Z3.06) 235.93) 30537 33.43 44.5 51..’..13
| \/ 14} 0.03| 141 1583 18.8 19.?6 Z2.B6| 2B.83] 30.53 34.535 44 4| &3.23
| 15 11.08 %] 1743 1930 1556 24567 3083| 33.031 3543 Bl 5443
Total 279.2| 376.8) 447 12; 5058 E05) 2058 792 346.9§ ’358_7?1 1166.7) 14269
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Particle Size = 1mm (dia) Initial] Bed Height = 12.0 cm

Temperature = 23

Table C21: Local Current of individual Section Tor  Increasing Applied Voitags

Flowrate =

14 &Lt/ min

Voidage = 0.0

44—V 0 L T A G E
{m V)
_ 500 100; 150 200|250 300 3500 408] 4500 BOO 550
_ﬁ 11 11.64] 16.92 21 23.13] 2766/ 322 38.06) 43.77) 2971 655 802
_: 2| 108a| 1597] 208| 2203 2695 321) 3805 4357) E17 6.7 80
10 3| 10.88| 1537| 203] M.53: 3666 305 36.96| 4237 E067| . 837 78
_2 s 1064] 15.77] 03] 2153) 269s| 298| 3508l a1.47) s0sy 634 717
1 5| 1064] 15.77] 203| 2153] 7686 96| 3616 4167, E067| 634 777
_S' 6| 35.11] 52.69] e5.08| 6532 sooal 926|195.24] 132.4] 15EE| 1snal 2527
_cE; 7| 3403| 51.22] 66.01] €5.32| S0.04| 91.3]114.04; 1357 156.9] 153.2! 2505
_1; 8| 33.35| 50.6B| 65.46, 66.02| 77.64] G8.6!111.14! 1353 1653 1918 2491
_3 " 9| 3p.91] 4959 645 6502 7694 535|11154] 1344 1869 191.8] 2491
| 10{ 3164] 4398 .643] 6302 7304] 545/ 10874] 1312] 157]  134] 2383
i 11| 10.12] 1547| 18.6{ 23.13] 2388] 275 33.56| 3057 4607; &76] 724
| 12) . 904| 1527 18.4| 20.23| 2355] 275 33.56 '3.3_9? 4507  &7.6] 719}
| 13| 994 1527] 18.4) 2003 2266 27.7) 3326 3867 467 58 N3
iy 14| 1014 15.47) 136| 2043 233s] 275 3306) 3867 avml  s79] 724
L 15 11.14) 1637} 202 2143] 24451 252 3625) 4117, 4327, 693[ 737
Total .273| 410.9|523.22] 547.7| 640, 73%| 9149| 1054| 1376] 1564.7| 1995
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Table C22: Local Current of Individual Section for increasing Apphied Voitage
Particle Size = 1mm {dia) initiai Bad Heigiht = 150 cm Flowrate = 5.2 Litf min
Temperaturs = 23 O , Voldage = 0,75
4 v O L T A G E —’
| {m V]
| i
~ 50| 100] 150 200, 2660 300]  350) 400 4L0 500  BED
wi 1 6.44) 11.45] 14.03 1‘5.5\7r 21"73l h 07 29.96) 36 0?; 2.07 5G.3 61.6)
LL 2 644 105 1.'5.83 ‘h-.q":‘-?i 20.73; 25.77| 29.96| 36.97) 36 E‘?; 501 61.4
_0 3 562 - %8| 13.33 1537 I—.’G.E-Ef%r 7427 2835 31.67[ 35.77 431 59 4
_: 4 5447 03| 43.33; 1537 1973, 3327, 2755; 33.77| 3K.77 47.8 59.1
i 5 5.44] 10.3| 13.33] 1537] 1873 23.27% 2806 33.371 3577 47.8 59.1
_15 6! 2271| 38.21; 46.57| H3.05 GS.SEE 7R.6G50 51247 116] 107.3) 1414 1867
_f; 7| 21.63| 37.74| 4653 53.DS§ £3.921 74.28] 5004] 13.3) 10677 138.2] 1844
_1; 81 2095 372 45950 49.78) 51,42 71631 5714 112§ 104.7) 137.8¢ 18931
_g 9| 2051| 36,21 4502 48.78| 60831 7188 §754 1120 1047] 137.81 1831
| 10| 17.34} 335 32.92% 44.55 an:’ 5563 97.84 wee s:u’ 1254 170.4
i 11 6821 10.8) 1253 1T.B?i 15.63; 22.07] 26.36) 32.17 BJO?f 425 847
] 1

i 12 hed] 10.7| 12.33] 1457 13.33! 22.07 26.35] 32.1?; 32_071 429 54.2
i 13| . 564] 107| 4233 14.77] 19.43; 2227 26.06] 21.87, 2227 43.3 53.6
N 14 584 105 12"‘.53 'i5.1? 18,53 22.07) 26.06] 31.57; 33.37 43.2 547
] 15 684 11.8; 14.13] 1817 49.33i Z377) 2808 3437, 3427 43.6 56
Total 162.36) 291.4) 358.72} 407.5 500“:‘, 3.7 7165 ‘39’7} 713 li141.3 1431.6
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Table C23: Local Gurrent of Individuai Section for

Temperature = 2

- LLY

Particle Size = imm (dia} Initial Bed Height = 150 cm

increasing Applisd Veitagae
Fio

Voddsge = BTG

wrate =7.9 Litf min

Vv 0 L T G b
(i W
; i

3 50| 100| 150| 200]  28Q 400 £50
“f‘ 11 671) 9.24) 1076 129] 1485 204 33.15
_ﬂ; 2| e8| e2s] 1086|118 1408 2.2 37.95
o 3| 595 769 10.06] 13| 13%8 15 35.95
ﬁg 4l 571|209 1006 113} 1395 1.1 35.65
1 5| 571| 208l 1006 113 13.08 18.2 35.65
_S’ 6| 17.09! 23.63] 26.83] 301 3054 46.6 81.5
HE 7] 1601} 22.41] 2678 3c.1] 3054 439 * 75.3
_TI 8| 15.33| 21.67| 26.231 283 2504 435 77.9
i g 9| 1299| 1e78] 2337 238 2n:4 407 76
] 10| - 9.62| 15.97] 21.07] 198 “I 35.4] 8.3, 66.2
| 11| 29| 728 B4  13] 1195 157 222 30.45
i 12| 511 7es| 226 104 t00e 157] 22.2] 29.95]
i 13| 511 765 826 9.9 1054 15.4 :zL.E 79.35
14| 829 789] s4s| 103 11.16 15.4 :3 30.45
| 15| 6.4] 879 98] 115 1186 17.9] 246 31.75
Totsl | 128.27; 183.9] 219.1] 244.1 zmi 326.1 | o2 7162
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Table C24: Local Currentl of individuat Sectian for Increasing Applied Voltage
Particle Size = 1mm (dia) ~ Initial Bed Height = 15.0 cm Flowrate = 3.7 Lit min
Temperatuore = 28 © Voidage = 075
4¢—vVv © L T A G = »
{m AJ
_ 50 100 150 200 250 303 350 400 450 500 550
_(A: 1 634; 938| 1123} 138 158% 17.23] 17.36] 2345 319 37.8; 4072
_:_; 2 558| 8.43 11-ﬁ3 12.7; 1509 1713| 17.36] 223} 307 37.6] 40.52|
_0 3 553 7.83| 10.53 ‘Ié.Z 14.3%] 15637 16.26] 21.1| 296 35.6) 38452
i g 4 534 8.23 10.53 12,21 1409; 1463) 1636 2021 296 353 33.22
| 5 534] 8.23] 1053| 122| 1409 1463| 1546) 203| I5% 353 38.221
...S 6] 20.51| 29.53] 33.97 39| 39.96] 38.72| 3244 603 .2 500 1018
; (E; 7{ 1983 28.08] 33.93 35! 38.586| 33.42; 38.24, 5746] 754 ar.8 59.6
| 1; 8| 19.15| 2752| 3338| 35.7| 3746, 3L72| 3534 57:2 3.6 26.4 93.2
“:: 9f 18.7%] 26,53 32.42| 347; 3686 3562 36574 63} 7356 86.4 98.2
| | 10 19.3 17.44 3222 3277 3296| 31.62| 3254; 5631 797 75.6 87.4
i 19 622 849 908 136 11.76| 1543] 1606] 193] 258 305! 316
i 12 h41} 785 B85S 104] 11.16| 12.13] 1276} 16 22‘15 2737 3025
i 13 541) 799 3858 102 1125 1233 12.46‘ 571 227 277 79.65
H 14| -559] 8159 875 106&; 11451 1213] 1248] 167 232 275 30.75
| 15 7.7] 10.05 ‘Il1.2 12.8f 13161 1453 1556f 152, 255 28 3305
Total | 156.51| 2135 265.9] 301.8| 320,05 227.3| 3328| 4758 559.5| 750.3] 8367
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Table C25: Local Current of Individual Section fer incressing Applied Vaoltage

Flowrate = 10.5 Lit/ min

Particlie Size = 1mm (dia) initial Bed Height = 150 em
Temperature = 29 C Voidage = Q.74
— v L TA G E »
{rn2)
501 100 150 200 250 350 3501 400 450 500 550
_g 1] 801} 10.83] 127 15 17.26] 1883| 2226; 242 35.47 4617 53.57
__:; 2 7.25! '993| 4125] 13.5| 16.46] 1873 22.26 25 34.27| 4587 53.37
i o 3 725 9.33 421 13.4] 16.26| 17.23; 21.16] 238) 33.47| 4387 51.37
__2 4 7.01] 973 12|  43.4| 1546| 16237 20.26| 22.9; 3317] 4367 51.07
} 5 701, 9.73 12| 13.4] 145.48| 16.23| 2038 231 3347 4367 51.07
_5 6| 2789| 3583 4015 441, 4574} 464| 5934! 71.4| 55.78| 123.94| 153.428).
_lcE; 7| 2681 3436 40.11 441; 45747 451| 58.44] 68.7| 94.13] 121.74] 151.28
| Tl- 8l 2513} 33821 /.56 4053 4324; 42.4| 5524] 683 5315 12034 149.83
| : 9 2569 3283 386 1398| 4264| 423| 55647 6€7.4] 53.18 1;.20.34 149.88
1 s0| 24.42| 32.12| 38.4] 37.8| 3274 38.3].5234| 64.2| 54.29] 109.54| 139.08
i 11 605 593 85 14.6| 13.06] 1373| 1736, 20 23.‘17; 37.47| 4537
1 12 591; 833 8.7 11.7] 12.76| 13.73| 17.36 20! 22177 37.47 4487
| 13| . 59 ‘3. 9.7 11.5) 12.86] 1353] 17.056] 197 22.37| 37.47{ 44.27
LAY 14 541 8.33 9.2 11| 12.36] 13.03! 16.458 18] 2877 37.07| 4467
L 14 9.01| 12.13] 13.18] 14.2] 1566] 17.53| 20.96! 24.1; 3237, 38.87| 48.47
Totai 199.8} 2657 309.7] 335.7| 383.7) 373.7| 476.7| 562.7| 7357, 1008.7] 1231.7
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Fiowrste = 11.4 Lit/ min

Table C26: Local Current of Individual Sectiaon for  Increasing Applied Voitage

Particle Size = 1mm (dia) Initisl Bed Height = 150 cm
Temperature = 23 C Vioidage = 0.75
44—V T A E b
{m )
50, 100f 150{ 200f 250) 300] 350 400] 450 500] 550
j 1| 872} 1228] 14.4] 17.04] 1512| 2007| 2094| 266) 3587, 4657, %53.97
_L ol 776 1133 142] 1654 19.12| 1957) 2094| 26.4] 3467 4637} 53.77
[0 a| 7.76] 1073] 137] 15.44] 17.592] 18.47| 19.84] 24.2| 3357 4431 877
_[E) a| 752| 11.13) 137 15.44| 17.42) 17.47] 1854| 233 3357 4a07] 5147
5| 752| 1143 137] 15.44] 17.42] 17.47| 19.04| 23.4| 3367 4407 5147
(S 6| 30.43| 41.93| 47.45; 5276| 5298 &518| 5453| 735/ 97.5 125.88) 1565.58
_'é 7] 2935| 40.48| 47.41] 52.76! 52.38| £0.6| 53.33) 708 983! 12368| 153.38
_1; 8| 2867| 39.92| 46.84] 45.46| 5032 47.9| £0.43| 70.4| 953 12228 151.98
;3 9| 2823| 38.93| -45.9| 43.46| 4856 47.3| 5083 695 53| 12228 151.98
| 10| 26.96{ 38.22] -45.7| 46.46| 4553) 43.8] 4303| 663] 954 11148 141.18
i 11 63| 1043 11.3] 1634 14.42] 1467| 1574] 201| 2327 3757| 4547
i 12| e12| 093] 11.4] 13.44] 1412 1467 1574 20| 2327 37ET| Md97
i 13]  6.42] 9.92] 11.1] 13.24] 13.24| 1457| 15.44| 19.8) 2847 37.57] 4437
i 14) s564] 973] 106| 1294{ 1285| 1357] 1474| 19| 2887| 37.37) 4477
L] 15| s24{ 1203] 137| 564 1609 4737] 26| 233| 3147 3927 4767
Total 21534| 307.2| 08| 4o0s| atos| 411 011 5748| 797.5) 10208| 12438
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Table C27: Local Current of individual Section for Increasing Applied Vaoltage
Particle Size = 1mm {di3) Initis! Bed Height = 15.0 om Ficwrate = 12.7 Litf min
Temperature = 75 C Voidage = Q75
4&——-V T A E »
(m V) '
50 100 150 200 250 300 350 4006 450G 506G &50
_g | 1 9.03] 13.05] 15673 19| 20560 25.06| 31.23] 33.13] 37.63 499| 53853
_L 2 832 1241| 1553| 179 19.76) 2456 31.23] 32.93| 36.43 49.7| 58.33
| o 3 8.32] 1 15 15.03 17;4 19.56! 23446 30.13} 31.73| 35.33 47.7| 56.33
qg 4| 803 1';|.9' 15.03] 17.4| 18.76] 22.46| 23.23 30.83] 3533 47.4| 56.03
| 5| 803! 119] 1503 17.4| 1376 22.45| 25.33{ 30.83] 3533 47.4] 56.03
_3 | 6l 2957] 4191 4967 575| 5634 65.74| 9262! 1005| 101.8] 136.1] 170.72
! g 71 2849! 4044} 4963 575 5634 67.44] 91.42| 57.82| 100.2) 133.9{ 168.52
| -II- 8f 2781 399| 4.0 2 r3024| 64.74] 8852| 97.42| 59.22| 132.5] 16712
_g 9| 27.37{ 389 4812 532 5324| 6484| 88.92} 96.62| 59.22] 132.5| 167.12
i 10 26.11 382] 47.92] 512 49.34] 6064| 86.12| 93.32| 10031 121.7] 15632
1 11 7.46] 115] 13.23| 18.9| 1666 2025, 26.63| 28.23| 30.63] 41.6/ 50.63
1 12 7.28] 41.3; 13.03 16| -16.35] 20.26| 26.63] 23.23 3065 4%.5; ®0.13
1 13 7.28] 11.3] 13.03| 458! 1645 2046) 2633 27.93 3083 419 49.55
i 14| 7.42] 115 13.23] 162 16.64{1F026] 2633 27.93| 3193; 413| 50.63
| 15 2.48| 12.4] 14.83] 17.2| 17.36| 21961 28.33| 30.43] 32.83 422 5193
Total 219.2{ 317.8) 388.12| 4468 450| S47.8 733| 787.9| £377( 1107.7| 13679
112
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Table C28: Local Current of Individual Section for Increasing Applied Yoitage

Particle Size = 1mm {dia) initial Bed Height = 150 cm Flowrate = 14.6Lit/min
Tempersture = 29 G Vaidage =0.75
Q———-— 14 O L T A G E —b
{m V)

50 100 150 200 280 300 350 400 450 500 550
_i 1 6.78} 10.75) 13.43 167 18.28| 2275] 28.93 | 3083 3533 476) 5623
_; 2| eo02| 98| 1323] 156| 1746 2266 2253 30.83) 3413] 47.4] 5603
1 &) 3 8.02| 5.2 12.73 15.4| 17.268) 21.16] 27.83| 20.43] 33.03 45.4| 54403
_[E) 4l 578 96| 1273] 15.1] 1646| 2016 26.53| 2853 3303] 45.1| 5373
| 5 578 96| 1273 15.1| 46.461 2046] 27.03| 28.53] 33.03 451 5373
i 5 6| 24.27| 36.61| 4437 522| &1.04| 63.44] 87.32] 9522| 35.52] 130.8| 165.42
hI(E; 71 23149 35.14| 44.33| 52.2| 51.04] 6214| 86.12| 92.52| 54.92; 128.6| 163.22
-11- 8f 2251 346 43.78 48.9] AS.54i 59.44F B83.22| 92.12{ 93.92{ 127.2] 16182
_0 9| .22.07| 3361] 4282\  47.8] 47.94| 5534; 83.62| 91.22| 93.92| 127.2 161.32
| N 10 08 325 4262 4591 4404| 5534] B0.82| 82.02] 95.02; 116.4] 151.02
| 11 5.16 92 '.10.93 16.61 1436 17.96] 2433] 2583 23.53 39.2; 48.33
| 12 498 S 10.73] 37|  14056] 17.96] 24.33] 2553 28‘.33 39.2| 4783
1 13 4.98 5 10,73 135 14.16] 18.16| 24.03! 2563 23.53 386 AT.éé
) \/ 14} - 512 2| 1093 13.9] 14936 17.961 24.03| 25.63| 2563]  35.5| 4833
L 15 6.43| 104} 1283 4.9 15086 ‘iB.BB 26.03| 28.13 3;!3.53 35.9| 4963
Total 169.7| 263.3| 338.62| 397.3 400.51 1:98.3 6835| 738.41 783.2] 1053.2] 13184
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Table C29: Local Current of Individual Section for Ineressing Apphed Voltzge
Particle Size = 2mm {dia) Initizl Bed Hmgist = €0 cm Fioewrate = 5.8 Lt/ min
Tempserature = 22 T : Yaoidage = 0.0
v 0 L T i G £
‘ ny i‘l B
” - 1
50 100 150 200 14 R1EE 350 404 4570 00 5

It 549 | 78 | 938 | 1125 | 1345 | 1478 | 15.05 | 1535 | 2255 | 2935 | 3408
E 12 473 | 655 | 905 | 1045 | 3235 | 1465 | 15.08 | 1545 | 2065 | 1905 | 3385
e 13 473 | 625 | ses | 965 | 11 ,1; 15 | 1395 1395 20 550 775 | 3188
N 149 | 6.65 | 865 | 9.65 '11 35 1215 | 13.05 | 13 u=,~:r 16.85 | 3153
IRE 449 | 6.65 | 565 | 965 | 1135 1708 | 13.15 | 13.15 1 20.55 ; 2658 | 31
1 ' 12.66 | 1936 | 206 | 2395 | 2445 | 2495 | 1635 | 26.58 | 4015 | £135 | 7036
1917 11.58 | 1689 | 2156 | 23.95 | 1418 | 2265 | 2415 2435 | 35,55 4945 | 68.05
N8 109 | 1635|2101 | 2065 | 2068 | 2095 | 2128 | 1375 | 3785 477E | 66.65
| 19 1046 | 15.36 | 20.05 | 19.65 | 2105 | 2055 | 2065 | 2085 szl 4775 | 6665
[{1ho | 919 |14.65|19.85 | 17,65 | 17.15 | 16,85 | 18,85 19.65 | 35.65 | 3695 | 6685
|| I 437 | 675 | 735 | 1165 | 9.75 1 10.45 | 10.95 | 10.95 | 1635 | 2145 { 26.68
R 419 | 655 | 715 | 875 | 945 | 1045 | 1095 | 10.95 | 16,35 | 1145 | 26.15
113 | 419 {658 | 715 | 855 | 955 Ew.es 10.65 | 10.65 | 16,55 | 20185 | 2555
v 4 439 | 675 | 736 | S95 | 075 | 10.45 | 10.65 | 10.65 | 1765 | 2175 | 2665

B i ; T 7
i

1]

™
n
e
()
N

[3

51 2215 | 2795

765 | 895 | 995 | 184F | 12,15 | 1268 [ 13.15 | 18,

Total | 10125 | 150.1 | 186.47 [ 204.06 | 217.45 | 2183 | 23735 | 244.3 | 384.1 | 480.95 | 62325
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Table C30: Loca! Current of ndividual Section for incressing Applied Valizge

Particle Size = 2Zmm (di?) Initisi Bed Height = 60 cm Flowiate

Temperature = 3% © Yoidege =00

= 7.9 Litf min

01 100 150, 200 vn; 00 3505 400 | dfri‘)% 500 550

qi 1 576] 229 9.21 1'1.9.'5i 13.57; 15.48] 95.91] 19.458] 28058] 3435 37.2
id 2 sl 734 961 1085] 1341 4635 16910 i5.26] 26350 3415 37
_g 3 &) &741 911 03581 4281 13.88] 14.81 ;%8.05% nf 3215 35
_g 4l 4781 7.14] 9.44] 1036, 12147 1258 13.91; 1716 TE7E; 3180 34.7
i 5 A76| 7.14] 9.11] 10.361 1211 '32.335 14.0%1 17.251 25750 3195 347
s 6 13.44| 2003} 2317 26.45 gﬁaar TTRT| 2D.49) 4295 aar‘m 7105 8255
{E 7| 1238 18.76] 23.13 26..45% 685 FR2T] 27.25 40.25% wl §3.86!1 £0.35
Hg 8| 11.63; 18.02] 2258 23.15? 24.3%1 2367 24.39 3935 Fso 37.45| 78.95
ik 9| 11241 17.03; 21.682] 22161 2375 23.47; 2479 3Ud= \.-S.Elfri 57.45) 78.95
j 10f  9.97| 16.32| 21.42| 2045 19.59: 1547 21.98! 3578 5-5.15% BR85! 6815
i 11| TA64] 7.24] TS 12.3%] 1U‘“' 11 131 11.81] 15.081 ’155' 26.36 292
| 121 4.46| 704 7681 9.45 ,n:: i1 187 11.81] 1505 :1“l 26.35 253
i1 13{ 4.46| 7.04! 7.61 925! 10311 1138 11.51] 1475 :1;.?'55 26.76 237
o 14 4.64] 724 7.2 9.557 10,510 1118 11_51'. 14.75 :2?5: 26.95 298
‘ 15| 5751 ©.144] 925 1685 13241 1292 13.61 17.25! F’:r 27.05 31.1

Total 107.92} 1635 *.93_'?5% 22375 23975, D40.8) 26175 386.8; 030 3} 625268 716.25
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Particle Size

2 mm (dia)

Temperature -

o0

Initial Bed Height = 5.0 cm

Table C31: Local Current of Individual Section for increasing Applied Voltage

Voldages =03

Ehowrate = 8.5 Lit min

m

X!
rJ

[$a]

[

-1

@
1

40.36

&
ra

38.36

T

[
mooIHAPGq

=
-

]

33.06

I

o

2]

50.04]

I

bt
.
]
1=

|

W @ =~ jm [

20—~ mw

10

79.84

11

33.16

12

32.66,

13

30.14

32.06

14

30.04

33.16

15

30.74

3426

Total

208.1
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Table C32: Local Current of Individual Section for Incrpasing Applied Valtage

Particle Size =2 mm {dia}

Initizi Bed Height = 6.0 om

Temperature = 2B C

Ftaowralte = 13.2 t/ nun

Yoidage =09

4—V L 1 A G € B
: {m V} .
i i i f :
so| 1o0| 80| 200! 250 ool  3so| 4vo| amal  soo| 560
_i o 7as| 1032] 12a4] 1aasl 5 zemi 217 2484 34 o1 4561|5301
_; 2| 669 937] 11.94] 13.34] 153 517, 27| 2444 3371 4541l 5281
o 3l 669 877 11.44] 1284l 157l 1657] vos| 2224 32841 4341( 0.8t
__2 Al 645| 9.47| 11.44] 12.54 mq 1667 197| 2234 3251] B 505
i 5| 645 947| 11.44] 12.34 145, ,— 19.2 *24.-1,? 3254 4311 8051
I8 6| 19.33| 27.27) 31.88] 35.54] 3718 37.84; 5078 5254 £7.721 11638 146.92
[_E 7] 1825 258| 3155 3554 3715 3554] 4983 60.14] §5ED; 11313] 14272
jlﬁ 8l 17.57) 25.26] 31| 32.24, 34.45| 3384] 4668 55.74] &4 52 11175, 14132
_;O‘ o 17.13| 2427) 2004 3t24] 3408 5374 4708 £5.84) 4en 111.78] 14132
_N 10| 1586 2358 2584] o4l a0 zeral asvs| soes o5z uma[ 130.52
| 1| 623! 5270 1044 1454l 153l wsr 76l 2024l 2241 771|456
1 12| e15|.so7| 994 1154] 13| 1357 176 2024] 1) 3771 4511
| 1) 15| 507 ss4| 1174 134] 14.47]  17.3 19,52 petl 377 445
: .
i 14 635| 927] 1014 118a 123 ﬂwr 17.4] 19.04) 28 71 ag01! 4561
15| 735] 10.47] 1182 12sa] 14 wssr] 193] 2244 Y
Total 1542| 220.1| 2644] 20310 2133 3281 4314 517.1j 746,11 56311 1186.1
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Table C33: Locsa! Current of Individusi Section for increasing Appled Voitage

Particle Size = 2 mm {dia) Initial Bed Height = 50 &m Fiowrats = 11.4 Lit/ min
Temperature = 26 O “ginape =G0

v
il
s |
L4
[#5]
o
=
[%%]
£n
p)

50 100, 180] 200!

_g 1] 7847 11.4] 1382 1;1»3? 15241 159.185] 2008 :‘.7: 24 95; 4565 53.09

_; 2| 6588 10.45 13.32} 16081 17241 4508 2006 74 : 33 7 4545 £2.39

{0 3|  s88] 988l 1282 1485 %7 m uw: 1e.96] 23 ’:_ ;'1_‘;}; 43.49] 508
1 { H !

2 ol sedl 1028 1282 1456l temal s rgl 18.06] 22 .u 3265 43190 E0.59

5 664 1025 1282) 1456 1624 ;
6| 19.85) 3135 3657 4218] 423 4133 43550 6292 £7.32] 1153] 145

7| 1277 29.28! 36.33] 47.18!

a| 18.09 79.24| 3626 38en| .8

ol 1765] 2835 332 sres svsel 7o aens! sagel maz2l 117 144l

20D~ muwm

- i
10| 46.38! 27.64] 3b.12 35.38! @5 3] 3222) 37.45; 5672 GHEZ{ 1008, 1306

| 11| 652! 1035] 1152 15.56) 1454 1489] 696 ~01 23.49] 37.79| 45.65

| 12| 634 1045, 11.32] 1366 1434 i4osl 1556 zose zass| 3779] 4518

1 val  634| 1015 1132 1348 1048] e 1nes oozl cassl 39| 44gs
i 4 H . H

iy 14) 6.56| 1065 11.52] 1326 1387; 1485| 1666 mo2] 20751 3029 4569
| ;

i ;
0,821 22521 3069, 3843, 46.89

)
weh
[N
n
-
[
[4u}
O]
.t
=
o
3
—%
[ |
2
b
(M)
rm
fin]
£l
[~}
C
I

15 7.46

{ -
Total 158.84] 2513] 304.3] 3443 36407 364538361 518.3] 741.3] 95430 1187.3
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Table C34: Local Current of Individuai Secticn for Increasing Applied Veltage
Particle Size = 2Zmm (dia} Initial Bed Height = 6.0 cm Flawrate = 12.7 Lit/ min

Temperature = 23 © Vioidage = 0.9

(m V)

so| 100] 150 =206 256! o200l 350i 400] 450] 5000 650

:Jg 1l 798! 1182] 46| 1787 19.43, 2353) 30| 32| 36El 4577 574
_L 2| 749! 1097] 144{ 1677] 1863 2383 20.1] 318 353 4857 572
|o 3| 7.9] 1037] 435] 1627| 1842 2233] 25| 308 342 4647 552
_g 4] 695 1077/ 133| 1627 17#:,I 2133 281 297 342 4527 548
3 5 696l 1277 138 1827 4763l 21230 280 283 342, 4627, 549
s 6| 2154] 3418l 4194 45.77] 4351, §101| 8435 5275 5409} 123.37] 162.99

: ,
_E 71 2078| 3271 418 45770 azs1l 5571 €365 90.09] 92,45 12517 160.79
__1; 8| zo0e3| 32.17] 41.35 46.47;% Aqn 5704 2078 5569 51.4¢| 12477| 159.39
|0 9l 19.64] 31421 4035 45.47] 4nsil s501l 2149) 83.79) e1.45] 12477] 15939
__N t0f 18.37] 30.47! 4015 42470 4161 co51l 7ms| enes| s2r9] 113.97] 142.59
i 11] 623 1087 126 1227 03] 18630 4l 278 30 4087 50
k 120 Benl 10.67] 124 1537 1mty 1553 35 ovel 30 40@7) 498
i 13 666l 1067 12.4] 15470 tamel dssal zevi 2ral a0k 4127) 439
i 141 6.86] 1057 128 15.5?; 1~u3| 1683l 2570 273 7:3 1,17 50
! .
15| 785 11.77] 142] 1667 16731 2133] 277, 298] 322 ME7] 513
Total §71.75] 270.4] 340,67} 356.35] 402 e8! £00.4] des 58| 7405 ?99.3: 1060.3) 13206
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Table G35: Locat Current of individus! Section for incressing Applied Voitage

Particle Size

2mm (dia)

Initial Bed Height = &34 cm

Temperzture = 23 G

Flowrate = 14.6 Lit/ min

G Vaoidage = 0.9

{m ¥}
! E

y 5Q 100 150 200 2507 308 350 AQ0 A5 500 E&Q
_i '1- 9.34) 17.32] 22.43 5 32.79i 40.077 49.72) 51.24] £4.94 2361 1045
i T 2 28.58| 16.37] 2223 245, 31.99! 3957 4572; 61.04| 53.74 g23.4| 1043
__'; 3 858 15771, 21.73 241 31.7%9! 20.47| 48.62{ 59.04] 52.64 g1.4] 1023
| : 4 8.34 16.17 21.73 247 30.99| 37.47| 47.72| 5594, 51.54 21.1 102
| 5 8.34 1.6.1.7 21.73 24 30.99‘ 37.47| 47.82 59.0-4' !5:6di 31.1 102
s 6] 3151 §9.89; 7737 243 405.16] 125.7| 167.45 213.9 E‘l’“: 2.8 355.;5
__E 71 30.43) 58.42| 7733 24.8] 13616 123.4; 166.28, 211.1 'Z":L'l_d:i 2696 353.3
_.Ic-: 8] 29.75] §7.83 T".?E; 29 5! 102651 125.7; 163.33) 210.3] 20v.4] 268.2| 3519
| ! 5| 29.31] 5685 7532 30.5] 103.06; 12651 163.78] 209.5 209“-'1[ 262.2( 3519
_g - 40]. 2804} 56.18] 75.62(  73.5] 55 16| 121.6] 460.95] 206 7| 210.5] 257.4] 341.1
i 1 3221 1627} 2043 26f 2836 I 35771 4552 55841 L3.44 75.7 97.1
| 12 8.04} 16.47 | 20.23 231} 2809 3577 44.62) 56.84] £5.44 5.7 96.6
1 13 3.04] 16.07| 2023 229 29.19% 35.97% 45,321 56.54, 5864 751 96
Ly 14| B.24) 1627} 20.43 23.3‘ 29.39E 3577 45.32] 56.54] 5974 T8 97..1

L 15 !-3'.24 1717} 22.03 24.31 30051 37.47) 47.32] 58.04) 664! 754 98.4
Total 234 452,91 59612 851_8; 3"'39i 1005 12947, 1633 "Eci 21257 2754
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Table C36: Local Gurrent of Individust Seciien for increasing Applied Voltage

Particle Size = 2Zmm {dia)} Initizl Bed Haight = 20 om Flowrate = 5.8 Litf min
Temp=rature = 23 O Yoiddege = 0,850

tJ
W1

1] 874) 16.45] 2008 zio4l 312

90.3

G
A | | .
_:{ 2| 798| 155| 19881 2204] s0.46] 3n24] 4522 6794 £344] 724
! :
|0 3| 798| 149 1938 244, 3025) 3574 4512] 5674l 5234 To4| 283
_2 4] 774] 153] 19.35) 2244 29.45! 3n.74] 4400 5604 5234 70 g8
| 5| 774 153 1935 2244) z045| 3074] 4am arm ”’m 70.1 82
|8 6| 2911} 56.41] 67.85] 7G.55) 100.04] 122.5] 155.48 | " 2278 2995
] !
_5 7| 28.03| f4.g4| 67.86! 75.56| 100.04] 1215 157 08] 198.8] 1852 226.6] 2973
_I 8| 27.95| se4| e73] 1628 57.5: nssf 149,381 ui whi 224.2) 296.9
O 9| 26.91] 53.41] 66.34] 7&.‘26; 9‘3.:'7/1;‘ 113.7] 149.75 1%?r: 1552 2242 2958
_N 10] 2564 27| s6.14] 7226 93.041% 114.71 146.58 154.3% 165,32 213.4| 285.1
1 I r
| 11| 762 16.4] 1808 2444 2785] 408 4742] 5274 434] 6470 83
t2| 744l w62 1resl 2rns wrms desel szl snTel sais 617|526

13 7.44¢ 152y 17867 21.24

14 7.64) 156.4| 18.06] 21.74: 2758, Z£404; 4182 L5.44

8321

L. 4

24.4

i 16 8.64| 163| 19.66] 2274 20 55] 30.74| 43.82] 55.94

Total - 7 216 42568 52502 505

551 17957

2334
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Table C37: Local Current of Individual Section for Increasing Appiied Voitage

Flowrate = 7.9 Lit/ min

Particle Size = 2mm (dia') Initial Bed Height = 20 cm
' Temperature = 25 © Vaigdage = 0.85
-V T A G = P
im V) .

50| 100! 150 00| 2e0| 300 3%0| 400 4505 500 550
_: 1]  291) 11.44] 1296] 1510 17.058; 1863] 18.06, 2256 3120 375 40.35
_:; _2. 8.15{ 10.49] 12.76 14{ 16.26] 10.63] 19.05] 224 302 37.31  40.15
Hg 3| 8.5 989 12261 135 16.06] 17.03] 17.96) 212 23.5: 353 38.15
e 4| 791 1029] 1226| 125 15260 1603] 1706 203 295‘ 35| 37.85
| 5|  791| 1029] 1226 135 15.26) 1603] 17.16] 204 23.95 35| 37.85
IS 6| 17.59] 2418] 27.32| 305! 3104 3172| 32.64] 47.% ‘343, 7520 867
‘ﬁ 7| 16s1| 2291 2728 305) 3104) 3042] 3taa] 444l s32] 73] 845
_1; 8| 1583| 22.47] 2673] 27.3| 2864] 2772 2054 44 62.2% 71.6|  83.1
_NO o| 13.49| 19.23) 2387] 244| 26.04] 2572| 27.04] 412 60‘35 65.7| 81.2
| 10) 412.22| 1857; 23.67] 22.4] 224 2172) 2424] "33 sug 52.9|  70.4
| 1| ese| s1s| 976 143] 1246 1313 1378 17 23_5! 2830 3175
i 12| sa1| =98] sgmel 114l 1246] 13743| 1376 17 73fl 2830 31.26
| 13| 6.41| 293 986 . 112 13‘265 12.33] 13.46{ 167 Z_’""f 28.7| 3065
I 14| 65| 915 975 18| 12.46| 1313] 1346 167 zn.-lag 28.9| 31.75
L1 15 77| 1008| 112 428 1318 1433 1656 192 "F"sl 29| 33.06
Total 150.37| 206] 241.2] 266.2] 281.21 251.2] 3042| 408.2 &31,,; 571.7| 758.7
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Tabie C33: Local Current of Individust Section for increasing Applied Voltage
Particle Size = Zmm (dia) Initial Bed Height = 50 em

Temperature = 25 G Vaoidage = 0.61

Fiowraie = 3.9 Lit/f min

é————vVv 0O L T A G = b
{rm V} '
. ] | ol

. &0 106 150 200 254 1 3060 350 ! 400 45 i 500 £50

P_g ' 1 2.14] 1113| 13.03 1561 1765 1503 19.16i 243 33?! 35.6| 4252

_L 2 | 7.38| 10.23] 12.33 146 1685 15.93| 19146 2411 325 39.4| 4232

i O 3 7.35] 963 1233 141 16.6%! 17.43] 18.08] 225 31.4 37.4) 4032

_g 4 T.44] 1003] 1233 141 15851 1543 17161 - 22) 314 37.11  40.02

| | 5 714 16.33 12.33{ 14] 15359 16.43| 17.26] 221; 314 37 40.02

] 5 6[ 2081 25.45 -33.87 32.9] 3885 39.62] 3%.34| AHO2 Sl ! 29.9 101.7
_E; 7t 15.73| 27.96| 3383 389 39.35| 3332} 38.14] 575 ?8;5; ar7 99.51

-I'- 8| 19905 27.42{ 33.28 35.8] 37.36 | 3R.62) 35.24! &7 755 8s 3 98.1

| g 9| 12.61| 26.43) 3232 34.6| 36.76; 3552, 3564 B52 T35 86.3 381

1 10 19.3| 17.34| 32.12| 32.5; 32.86] 31.52] 3284 53] 756 755 87.3

i 11] 7.22] 9.49] 10.06|  14.6] 1276] 16.43 17080 203; 265 31.6 32.6

B 12|. 871 5929 9.36 11.7 | 1?.._45' 13.43| 14.068] 17.3] 238 7 236 3155

i i3 | 6.71 9_29 586 11.5] 1288} 1363, 13.768] . 17 24 25; 3095

i \/ 14 6.89) 5H.45| 1005 1‘!‘.5"E : 12.T6i 13.43] 13.76|- +47; 2561 2520 3206

- 15 S{ 10.39 115 13.11 13.48) 1523 1586[ 1551 I6.2 282 3335
Total - 170.21| 227.8| 2795 3155 33375 2341 346.45| 450.5] 633.52 764| 850.4 |
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Particle Size

= 2mm (dias

Table £39: Local Gurrent of individuai Section for Increasing Applied Voltage

Flowrate= 10.5 Lit/ min

Initial Bed Height = 5.0 cm
Temperature = 35 C Vaidage =Q.25
4+-- v 0 L TA G E —»
{m Vj

s0f 100 150 200 zﬁ{zi 200 350! 4on] 450] 500|650

[2 1] 10.31] 13.18 15| 17.3| 1956 2143 2458 276! 3777 42.47| 5587
"] 2| oss| 1223 148 162 1975 2103 2436 273 3657 45.27| 56.67
|0 3| 955 11.63] 143] 157 1556 1953| 2346] 261 3547 46.27| 53.67
_: 4] 931 1203 143 57| 17.75] 1853! 2056 25.2] 3547! 4597 53.37
1 5| 931] 1203] 143] 457] 17.76] 1563| 2266 263] 2547, 45.57{ 53.37
IS 6| 2839 3633 4065 446 4624 48.9| £5.834| 715 95.28] 124.44) 153.98
j 71 27.31| 3486| 4061 448! 4524 455 24| 69.2] 9483) 12224 15178
;T' 8| 26.63| 3432| 4006] 413] 4374 429| 55.74] 632 53.68| 120.84] 150.38
_S 9| 261s| 33.33] 39.4| 403| 4312 428 S614] 67.9 s3.68] 12024 150.38
1 10| 2492| 3262| 389l 3s3| 3924 383] s334| 47| 54.78| 11004 139.58
1 41| - 8.59] 11.53] 12.4] 17.1| 1556| 1623 1986 22,5/ 3067 39.97| 471.87
i 121 241 11.33) 12.2] 142 1525 1523 1936 225| 3067] 39.97| 47.37
] 13| ©41) 11.33] 122 14| 1536 1643 1956] 222) 3087 3ss7| 4677
Inf 14| s61| 11.53] 124 142 1586] 15.23) 19.68] 222l 3157| 4027 47.87]
- 15| 41.21| 14.33] 1538 164 1788 19.73] 29.16] 263 3457 4207] 5067
Total 26.7| 2926| 336.6| 3656 3905 4005 5036| 5356| 5125 1036.6| 1258.6
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L0

Particle Size

= 2mm (die;)

Fiowrate =71.4 Litf min

Table C4D: Local Current of Individual Sectian for Incressing Applied Voitage

125

initisl Bed Height = .0 ¢m
Tempersiure = 28 G Vaidage = 085
44—V T A E b
: [ V3

| .

3 g0 100f 150/ 200] 2to] 300| 350| 400 450] 600 580
_g- 1] 11.02| 17.28| 20.43] 2441] 2885|3284 37.2| 47.67] 52.44] 6387 8287
‘L 2| "10.06) 16.33] 2023 23.01| 2785 32.44| 37.2| 4747 51.24] 63.67| 8267
|0 3| 1008| 15.73] 1973| z2.s1| 27.6n 3054] 364| 46.27] 50.14| 6567 S0.67
ﬁg 4| 982] 1613] 19.73| 2051 2685 79.54| 352 4637| L0114 €537) .37
| 5| o982| 1613] 1973 2251] 2685 29.94] 353| 4547| 5014, @6.37| 80.37
18| 6| 3503] 5733) 6697) 76.44] §7.2) 9748 11467] 157.2) 1555] 210.48| 266.56
_E " 7] 3395| 565.86| 66.93| 75.44| 872 9583) 11377] 1545 1%’3: 208.28| 264.33
_1;_ 8| 3327 55320 538 7344 547 saia| 11087) 16a5] 571 208.88) 262.98
'_3 9| 3283 54.33) 65.42] 7214| S92.58| 93.08{111.27| 1632 157 J06.88( 262.98
i 10| 3156] 5362| €522 70.14| 20.2) 3908 10847| 150 1521 195.08| 252.18
| 11|  e9| 15.43] 17.63] 23.71| 2445 27.44] 323] 4247] 4514 6017| 74.67
| 12| 872| 1523| 17.43] 2081] 2415| 27.44] 323| 42.47] #5.14] 6047 7417
| 13| 72| 1523) 17.43] 2061] 2327] 2764] 32| 4247 4534 6067|7357
/|14 84| 1573 w63 motl zasel 2ras]  ml s ssa] eoe7| AT
U 15| os4| 1633) 190a] 2201| 2512] 0914l 376l sa67] 4724] c0z7] T5ET|
Totsl 26254 436] 519.9| 5911 6305 751.3/505.4%] 1215, 1273 1668] 2089




Table C41: Locsl Current of Individusl Section for  Incressing Applied Voltage

Particle Size = 2mm (diz) | Initiaf Bed Height = 5.0 cm | Fiowrste = 12.7 Lit/ min
- Temperature = 28 C Voidage = 0.85
46—V 0 L T A G E —
{m V)

. s0| 1o00| 1500 200{ 250) 300| 350] 4000 450 so0| 550
_ﬁ 1} 11.33] 18.05| 21.76] 26.07 s026) 3763 47.49] s532| 242] 722| 97.43
_:- 2| 1062| 17| 21561 24.97] 2945 3743 4745 &5, 52 72| £7.23
|0 3| 1062 165| 21.08] 24.47] 2525 a5.53] 46.35) 528 618 70| 8523
_g- 4] 1033\ 165| 2106 2447 2249 3453 45649| 529, 518 497 34593
] 5| 16.98] 31.6] 38.85] 4535 57.33| 72.04{ 9407, 1158| 101.3] 1363 171.33
[S 8| 37.87) s101| 72.89) 3488 9435, 117.71166.76) 187.9] 167.2] 224.4] 235.42
_i 7| 3679) 59.54| 7235 S453] 9438 116.4) 155.86] 18571 1666 2220 283.22
_T 8| 3611] 59| 723 31.533 91.85] 113.7| 152.66| 184.8] 164.6] 2208| 281.82
F_g 9] 3567! 5801 71.34]| S0.55| 9126 1136 153.08] 1839 1605|2208 2e182
| 10| 278| 426| 5335 &7.67] £2.47] 7251]10178) 114.8) 116.3; 143.4; 13462
| 11 9.76| 165| 19.26] 2587| 2633 3273| 4283 503 47.2] 638 7953
i 12| 958 163| 19.06] 2307, 2605| 3273| 4289 503 47.2 538 79.03
| 13| 952 163| 19.08| 22.87] 261! 3253| 4255 £o] 47.4f 642 78.43
N 14| 978| 165 19.26] 23.27 25.39. 32.73] 4259 0 4555 64.1| 79.53
|| ss| ess] 125 1493 173 17.450 2o0s| 7s43| 3053|3259 423) 5203
Total 2815 450.4] 552.50] 647.43 727.?7E 505, 1200.1] 1424 1314} 1750| 2201.6
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Table C42: Local Current of Individusl Section for  Increasing Applied Vaoltage
Particle Size = 2mm {dia) initial Bed Height = 2.0 cm Flowrate = 14.7 Lit/f min
Temperature = 2% € Vaidage = 0.25
4—F—V O L T A G E 4
{m ¥}

B 56| 00| 150|200 250‘ 00| 350 Aooi s0] 500|550
_f.:f 1| _11.64| 1962 2473] 27.9] 3505 42F £2.02 3_54557.243 85.8| 106.2
_L 2| 10.28| 12.67| 2453 263 3428 4227) 52.02) 63.34 65.04] 857 1065
i
O 3| 1o0ss! 1807 24030 253| 2409 a077| 50.52| 62.14) 6454 E3T| 1046
_E 4| 10.64] 12.47| 24.03 263 33.05| 3977, 50.02) 6124 64.94] 834] 1043
| 5| 10.64| 18.47| 2403{ 263 3325 39.77| 50.12) 61.34] 6454] 834] 1043
FS 6| 3761| 6599 83471 s05 11228 1358 17358 20| 215.1| 277.8] 3616
'_(E: 7| 3653 5452] 8343] 08! 11226] 1345 17238| 297.3] 2651 2757 359.4
_Tl al 3508l 6398 s2mel ©7.6l 109.76] 131.3|16546| 2169| 2165 2743; 358
_g o| 3541] 6299] o192 86| 10516 131.7) 169.88] 216, 2155 2743) 358
| 10| 3444 6228| e1.72] 846 10526] 127.7{167.08] 212.8) 2156] 2635 3472
i $1]-70.12) 18.17] 2233| 27.9] 31.25] 37.57; 47.52| 50.74) 6034 776 89
| 12| 9.94| 17.57| 22.43 26! 2059, 37.67) 47.52| 58.74| 60.34] 776 98.5
| 13| 994] 17.87] 2213| 248 3109 37.8¥! 47.22] 5844 60.44 73| 979
i 14] .10.4a] 1847] 2233 252 31.29) 3767 47.22| 5944 61.64] 779 99
| 15| 11.14] 1907] 2393 262] 31.99] 2937 48.22| 60.94| 8254; 783 100.3
Total | 2855| 504.4|647.62] 703.3| 876.4] 1057{1346.2] 1550| 1718 2177.2] 28055

127




_[Table C43: Local Current of individuai Section Fer increasing Applied Voitage
Particle Size = 2mm (dia} Initisl Bed Height = 2.0 em Fizwrate = 5.8 Lit/ min

Temperature = 22 C Voidage = 0.8

3 so| 00| 450 00| ool a00] 360 dr_m% 450@ 500| 550
_ﬁ 1| 1134 19.08] 2266] 2664 326 4054 sver co74l 5724] 752 93
_L 2| 11.34| 151] 2246 26.54] 33.08] 4024] 48.82] 6054 5@.0:5? 75 952.9
o 3| 1058] 75| 2196| 25.04] 28| 3934] avv2 s524] sasal 73] 809
__2 4| 1034] 79 2196 25.04] 3205] 393a] d682| s84d) F4s4l 727 906
1 5| 1034) 17.9) 21.96] 2604 32061 3334] 4692 56.54| £454 727|906
S 6| 3621| 6351] 7499 s5.85] 107.14] 1253 160.68 20mal 177l 23as| 3056
_Ec 7| 35.13| 62.04| 74.95| 2666 107.14] 123.6] 159.35( 2055, i763] 2327 3044
_"; 8| 3445| 615] 74.4] 5235 104.54] 125.9]156.42] 2055, 1753] 231.3; 309
_S o 34.01| 6051 73.44] e1.35 10404 1255 156.88| 204.5] 1753 2313 303
| - 40|. 30.84] 57.8| 71.34] 77.46] 9324] 119.93]152.18| 199.5] 1745 2186] 290.3
| 11 972| 175 2018| 2654] 2956 2514] 44.22) 56.84] f024] 668 882
| 12|  954] 17.3] 19.96| 23.64] 7966, 36.14] 44.22| £534| 5024, 568 847
i 13| 9.54] 17.3] 1996 23.44] 25.76) 36.34] 43.92| 55.54] 5044;  672] 841
|\l 14| 974 17.5] 2046 2384 2956 3514] 4392| 65.04 51564 67.1] 862
| 15| 1074] 18.4| 2176] 2484 3066 3784 sss2| soos] s244) 675 885
Total | 273.86] 453.9|53212] 6621| €a3n.i| 1010] 1246.8] 1602 1412] 1252.8| 2399.1
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Table C44: Logal Current of Individual Section for increaéingApp!ied Valtage ' B
Particle Size = Zmm (dis) Initial Bed Height = 12.0 om Flowrste = 7.5 Lit/ min

—~ a

Temperstura = 28 YVoigage = 0.8

, 1 r
~ 50| 108|150 200% ze0l 300  350) 400 40 500 550
_ﬁ 1| 1161| 1684| 19.39 22.57- 2719 315| 3572 46.07] 4317| 60.2| 6965
_L  2 10.85| 15.89] 19.15| 21.47] 2639 31.4| 35.72] 44.37| 4697 60| 69.45
[0 3| 1085] 15.29] 1869 2097| 2618 29.5| 2462| 43.67| 45.57 £8{ 67.45
_2 4| 10.61] 15.69] 4869 2057| 26539 23.9| 3372| 4277 4587 57.7| B7.15
| 5 1061| 1569 18.69 2097 2535, 288 3382 42_;’3.?1 46871 577 &7.15 !
1S 6| 3159 48.98) 5624 6363l 7476! 6.4] 10243 140.2% 1355, 164.5] 202.4
_(E; 7| 3051} 47.71| 582! 63.63| 7476 ©51|101.28| 137.5] 134.3] 1623 2002
;TI 8| 29.83| 46.97| 5565| 60.33] 7226, BZ4) 92.38] 137.1] 133.3] 160.5) 198.8
_S 9| 27.49| 2408| 52.79| 57.48{ 69.76; ©50.4| 956.88] 134.3 131_4 159| 196.9
| 10{ 24.12] 4127} 5049 5338 6378 743! 9153 1290 130.4] 1482 1861
| 11}  9.29| 1459 1618] 21.77{ 2259 26] 30.42| 3947 40.47 1| 61.05
| 12{ 5.11] 14.39| 1599 13.87] 2228 26! 30.42| 39.47| 40.47 £1 60.55
| 13| 911} 1439 1599 18467 2235 262 30.12{ 39.17) 4067] 61.4] 59.85
ink 14| 929 145%| 16.13] 19.07| 2259 26! 30.12{ 39.17{ 41.77| ©51.6| 61.05}
| | 15| 104! 15.49] 17.63] 2027 2329 278l s272| 4187 szETl S17 ez.éf-
Totat 2'.45.27 381.9! 448] 50420 595 £D1.72 31?.9 1096 1104; 1345.2{ 1630.2
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- [Table G45- Local Current of Individual Section for IncreasingApplied Viitage
Partécle Size =2 mm (dia‘) Initigl Bed Height = 12.0 cm Flawrate =2.5 Lit min
Temperature = 5 G \{oid’age = 085
4§———Vv © L T A G E -+
(m V)
50 100 150 200 250 300 350| 400: 450 500 550
Hi 1] 10.24] 16581 19.46| 2307 273821 319| 3482 46.'.-’}" LaO.G?' 62.3| 71.82
_; o| 1p.08| 1563 19.26] 21.97! 2702 31.8] 3582 4557 43.47 621 7162
1 O 3! 40.08| 15.03| 12.76] 21.47{ 26.82{ 30.3] 34.72{ 4537 45.37 6017 6962
_[E) 4 9.84] 15.43 1!;:;.76 21,477 26027 29.3| 33.82; 44.47; 43.37] £9.8| 6932
| 5 9.84| 15.43{ 18.76 21.417 26020 £5.3] 33.921 44.57) 43.37 £9.8) 65.32
HS ' 6l 35.41| 5453| 6309 7228 BILE| 94.6{109.48] 153.6] 1524 184.2| 2224
_cE; 7| 34.03| 53.08| 63.05 | 72.28) 8388 93.3;100.28 15(.‘!.9; 150.9 182 2202
_.11- 8] 33.35| &2.52 625 62931 81.33! 20.6|106.32 150.55 149.9¢ 180.6] 2188
13 9] 3291 5183 _61.54 67.598] £0.78| 90.5|105.78| 149.6| 149.9] 1306| 219.8)°
| 10 336! 42.44| 61.34] 6553 7683 B86.5|102.58] 146.4 1517 169.8 208
| 11] 9.82| 1479 1638 2197 2275 257 33.62| 42.67! 43.67 542 61.2
B l‘I.2 | 9.l01- 14.29 1589 18.77; 22.4% 255 3032 32.37 | a6.37 509y 60.45
| 13 901 14.29 . 15.89) 18.67| 22.29| 261} 30.02| 35.07 4057 £1.3] 488.825
L\ 14| 9.19| 14.49| 16.08! 18.57! 2245 259 30.02] 35.07 4187 B1.5; 6095
\_ 15 11.3] 16.39] 1253 21.170 2419; 28.7| 3312} 42571 43.77 52.6 6‘3fﬁ5
Total 268.61 406.4] 4893 E56.4; 654.45] 7439 B63.1{ 14B1] 1205 14613 1746.2
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Particle Size

= 2mm {dia)

Tahie C46: Local Current of Individusi Section for increasing Applied Vioitage

Flowrzte = 10.4LIES min

Initial Bed Height = 120 cm
lTemperatura =z C Vaidage = 0.85
&——vVv © L T A £ 4
. {m v}
i

~ 50 100 150 200 250 300 350 400 450 500 550
..i 1 10.34] 16581 19.46] 23.07| 27.5¢ 31.8| 35.82) 46.77] 50.67 62.3| 7182
ﬂ": 21 1002] 1563 19.26| 2197, 27.02; 313 35.82| 4657 49.47 62.1 71.62
i o 3 002] 1503] 18.76| 21.47] 2682; 303 3472 45371 4337 60.1 69.62
| 2 4 o84l 15.43] 18.76] 24.47! 2602 233 33.32; 4447 43.37 5981 69.32
§ 5 984| 15.43| 18.76| 21.47{ 2602] 29.3] 33.52 44571 48.37 598 69.32
|S 6| 25.41| sasa| ea0s| 7228] s3gs| 546l t00.4s] 1536l 1525] 1242] 2024
| ﬁ 7 3403 53.66 63.05| 72230 £3.8% 93.2]108.28; 1505, 150.9 132 2202
| 1; 8| 3335 B2.h2 625 6392 81235 50.6|105.38] 150.5] 149.5 120.6;f 218.8
_'3 g| 32.91| 51.83] 61.54] 6798 B80.78] 90.5[105.78 1456, 14995 1206 2183
i 10 33.6] 42.44] 61.34] 6658, 7688 26.5]102.83] 146.4 164 165.8 202
i 11. og82| 14.79] 16.39} 21.97] 2279 29.2| 3362 42.67| 4367 54.2 618
| 12 901] 1429 41520l 1277 2219! 2598 30.32] 39.37 40.37 £0.9| 60.45
] 13 9.01| 14.29| 1589 18.67] 2225 2511 3002 32.67{ 4057 51.3|] 5985
| \/ 14 919 14.49| 16.08; 18.57| 22.4% 25,90 3002 35.07; 41.67 £1.5| 60.95
L 156 11.3] 16.391 18431 2117; 2418 287 33.42( 42571 4377 261 6325

Total 263 01| 406.4| 489.3] 556.4| 664.45! 743.9) B63.1] 1181 12058 1461.8 1746-;2
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2mm {dis) -

Table C47: Local Current of Individual Secticn for Increasing Applied Valtage

Flowrate =114 Lit/ min

Particle Size = initia! Bed Heaight = 12.0 cm
Temperature =28 G Voidage = 0.8
\ T A G b
it V)

_ 50| 100{ 150] 200} 250 300; 350, 400 df-()! 500|550
_g 4l 1271 18.28] 21.43] 24.47) 2539] 337| 4082| 49.67) ndd4] 087 €487
_; 2| 11.95| 17.33] 2093| 2337) 28531 33.6| 4092| 49.47| 53.24; T0A7| 8467
o a| 1195 1673| 2043 2287 2839 321| 3982 48.27| 52.14] 6367 8267
_2 4] 11.71| 17.13| 2043| 2287 2755 0811, 38.92] 4737 52.14) 6837 8237
i 5| 4171| 17.43) 2043| 2287] 27.69] 311| 3007| 47.47] £214; 6837 82.37
|8 6| 41.19| s9.93| e3.37| 76.48] 28.75) 100.4| 125.48] 163.8] 165.2] 217.24] 273.18
_f; 7| 40.11] 58.46] 68.33| 76.48! 88.76] 55.08[127.25! 1611 154.6] 215.04! 270353
_T‘ 8| 3943| 57.92 6778 73.18| 8625 96.38|124.33| 160.7] 153.6) 213.64| 26969
_S 9| 33.95| 56.93] 66.82| 7218{ 8566; 952812478 159.8 163.6] 213.64] 769.58
| 10] 37.72| 56.22f e6.62| 70.18| 9176 92.26| 121581 166.6| 164.7| 202.84] 263.72
i S11] 40.79| 16.43| 1833, 24.07| 2515] 20.6| 3602( 4447 47.14; 6217, 7667
| 12| 1061| 1623 18.43] 21.47| 2459 286 36.02| 44.47| 47.14] 8217 7617
i 13| 1061| 16.23] 18.13] 2097 2499 23.8] 3572| 4447, 47.34] 6217 7557
i 14] 1011} 1573] 17.63] 20.47| 24.45] 27.9| 3842} 43.47] 47.74] 6177 75.97
| 15| 1371} 19.53] 21.61] 2367 2779 32.4] 39.682| 4B.57 5134] 5457 7877
Total 313.3] 4602| 5364| £953] 700.1) 792.3) 1008| 1269| 1327 1772.2| 21432
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Table C48: Local Current of Individual Section for  hicreasing Applied Voltage

Particle Size = 2mm (ciia) Initia) Bed Height = 12.0 cm Fiowrate = 12.7 Lit/ min
Temperature = 2% G Voidage = 0.8
4———v o L T A G = —>»
(V)

50| 100|150/ 200 250! 300| 350] 400 450|500 550
_f: 1| 1352| 19.78| 2293| 2661, 3125 35c4al 397) £0.17; 6494 7137 9537
_Il ol 1256| 1883 2273| 2881 2038 3454 3970 49.97) €374 71.47| 8517
|0 3] 4256 18.23| 2223 25.01; 30.15] 33.44| 386 4877 L2.64| €9.17; 83.17
_2 Al 12.32| 18.63] 22.23 501l 2935 32.44) 97.7) 47.87) £264] 6387] @287
§ 5 12.32| 18.63| 2223 2501] 2935| 32.44] 378| 4757 52.64| 6587| €287
Hg 6] 4183] 64.13| 73.77| 93.24 945 104]121.77] 164, 166.4] 217.28| 273.38)
il 7| 4075| 62.66| 73.73] s3.24 a4l 102.7| 12057 161.3] 164.5] 215.08| 271.18
_Tl 8l 4007| 62.12| 73.16| 7954 915 90958|117.67] 160.5] 163.5| 213.68| 269.728
_3 9| 3963 61.13| 72.22| 7554l =953 s9.88| 113.07] 180] 153.8 213.68| 269.78
| 10| 38.36] 60.42] 72.02 76.94 o7! 6588l 115.27| 166.8] 164.5] 202.88{ 268.92
| 11] " 11.1] 17.63] 19.83| 26.91] 25655! 29654 345| 4467, 4734, 6237) 7657
i 12| 1092 17.43| 19.63] 23.01] 2625 2964] 345 4467 47.34] €237 7637
i 13| - 1002| 17.43] 19.63] 22.01| 2547 2064] 342 4437 47.54) €277 75.77
In: 14| 10.44| 17.23| 19.13] 22.51 25_135 28.94] 335| 43.67) A7.54] 5217] 7617
L 15] 13.04] 19.53| 2223 2521 2332| 32.34] 40.36| 47.87; 50.54| 6407} 79.07
Totat 320.34| 493.8| 577.7] 6489 ?h-.?i 321.1[953.91[ 1272 1331] 1725.8] 2146.8




Table G49: Local Current of individusl Section for Increasing VApplied Voitage

Témperaturr: =29 C Vaoidage =0.8

Particle Size = 2 mm (dis) Initial Bed Height = 120 c¢m Flowrate = 14.6Litf min

— V. D L T A G E P
(m V]
T

_ 501 100 150 200 280 ; 300 3500 400 450 500 550
_g 1 15.33 20.55] 24.26| 20567 32.79’ 4003 4993 E7.7 56.?% 747y 89.93
_L 2 13.42] 196] 2406 2747 3199 3953) 49.99| £75; 555 745 29.73
| O - 31 13142 19/ 2358| 26.97| 31.79] 3243 4883, 563, 544 728 8773
_[E)l 4 1288 ;IQ.A 23.56 26.9? 30.99; 37.43| 4799 &54) 544 72.2) 87.43
| | 5| 12.88 ‘19.‘4' 3356 26970 3099 37.43| 43097 5546, H4.4 7221 87.43
HS 6| 44.97] 6211 79.99| 51.98; 101.46] 124.8| 163.396 185] 174.31 231.5| 282.52
_(E: 7| 4389 6664 79.95| 9195} 101.46; 123.5 162.66 192.3 '1?.’-,’_?'5 2253 29032
_1; 8| 4321 861| 79.4] 9262 93.98! 120.5| 163.76 191.5 171.7] 2279 283.92
-'g ol 4277 6511 73.44| 2762 93.36] 120.7(160.16 19? 1?"1.7[ 227.5) 288.92
i 10 4156] 64.4] 78.24] 25631 94.46] 116.7{ 157.36] 187.8 '!?"2.5—3E 247.1] 278.12
| 11] 1226 19| 21.76] 22.47| 2o89) 36.23] 45.39 52..8 4871 663] 8203
8 12| 1203] 182 21 .l56 2557 2B.A%) 35237 4539 528 497 66.3] 81.53
| 13| 12.08| 188| 21.66] 2537] 2860 3543 4609) 525 49.9. 66.7| 8053
L\ 14 12.23 19} 21.76) 2577 22.89; 35.23| 45097 &H25 51 66.65 8203

| | 15| 1323 199 23.36| 26.77{ 2555 3663 47.09 E5; 519 57] 83.33
Total 344.2! 5238162502 71491 7575 ©77.9{1276.8] 1506 13811 1832.7] 2290.9
Totai




Particle Size = 2mm (dia)’

Initiai Bed Height = 15.0 cm

Fiowrate =5.8 Lit/ min

Table C50: Local Gurrent of Individua! Section for increasing Applied Vaoltage

Temperature = 23 G WVaoidage = 0.75
4+ v O L T A —
{m V) .
! ‘:
~ 501 100 150| 200 25G; 300 3501 400G 450 500 550
_g 1 864] 16.35] 19.96| 23.94] 3116] 32.24| 46.12| 58.04| 5454 725 90.4
_:l 2| 864| 154| 19.76| 22.84] 30.35) 3514| 4612} 57.54; 53.34 72.3 90.2
|0 -3 7.88] 148 19.26 22.34; 3016| 3564 4502 56.64: 5224 70.3 33.2
_: 4] 764 "1.5.2 . 19.26 22;34 29.36] 36.64; 4412 55.74) 5224 70 87.9
| 5 7.64 152 19.26| 22.34{ 2038 3554 44.22) &E.B4; 5274 70 87.9
| S 6| 3151 53.81| 70.29| 80.96! 10244 125.2[ 156.88] 2039| 173.2] 230.2] 301.9
_Ec 7| 30.43| 57.34| 70.26] 80.96! 102.44] 123.9| 154.68] 201.2; 1716 22| 2997
_1; sl 2975 568 697 77.661 95.94! 12120151781 200.8; 170.6] 2266) 2983
_g "ol 2931 5581] 63.74] 75.66( 90.34{ 121.1] 152.18} 199.5| 170.6] 2266, 2983
| 10| 2614 532| e6.e4| 72.76] 93.54] 115.2) 147.48] 1948] 169.8) 213.9] 2856
| 11 802| 15.3 18.46| 24.834] 2826; 34.44] 4252 54.14] 48.54] 651 83.5
& 121 7.84] 156 .‘IIS.ES 21.94| 27.56] 3444 425 54.14] 42.54 65.1 83
1 13 7.84| 15.6| 18.26] 21.74| 2B.06] 3454| 4222 63 04| 43.74] 655 82.4
| '\V 14 204} 152| 18.46] 22.14] 2026; 34441 4222| 53.84| 4584] 654 83'.:5
L | 16| -9.04] 16.7] 20.06| 23.14; 2896 36.14. 44.22 56.34 5(3.74 653 84.8
Total 27836 438.4] 536.62| 61661 739.6) 954.5) 1201.31 1567| 13571 1207.3] 23456
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Table C51: Local Current of iﬁdividusl Section for Increasing Applied Vaitsge
Partiéle Size = 2mm (diaj; Initial Bed Height = 150 cm Flowrste =7.9 Litf min
Temperatml'e =28 G Voidage = Q.75
44— v T A —p
(m V)
. 50 100 150 200 250 200 350G 400 450 500 550
_2 ' 1 891| 14.44] 16.69] 15057 2449 28.8| 33.02; 4237 4547 57.5] 66.95
_L 2 8.15) 13.18! 16.49] 18.77| 2369 287 3302 4217, 44.27 5731 66.75
PO 3 9.15 1269 15.99| 18.27] 23.4% 272 3152} 40.97| 43.17 55.3] 6475
_g 4| 7.91 '12.99 15991 45.27| 2265 262! 31.02| 40.07{ 4317 55] 64.45
i <] 7.91 '12..99 1589 18.271 2289, 262 31.12| 40.17| 43.17 561 64.45
i s 6] 2589 43.28| 50.54| 5758 69.06; &0.7| 96.73] 1345 1302, 1538 196;7
i g 7| 2481] 4201] 505 57.93] 6906 79.4| 9553| 131.8| 128.6] 156.6| 1945
_T | 8 24.13| 41.27 4995 5463 6REG] T76T7| 9263 131.4| 127.6{ 1652| 1931
_3 9! 21.79| 33.38 47,ﬁ9 £1.78] 64060 74.7| 51.18) 1286| 12567 1533 191.2
K | 10] . 18.42] 35.57| A4.79| 47.68| 52.06! 63.6; 8528 123.3] 124.7| 1425 130.4
M 11 7.49) 12.79| 14.39) 1997 2075 242; 28.62| 37.67| 33.67 492! 59.25
1 ' 12 7.31] 12590 14.1%] 1707, 2048, 24.2| 28.62| 37.67] 35.67 49.2) 5375
1 43 7.31; 12597 1415 16.87] 203551 24.4; 2832 ‘3?.3'?’ 33.87 496| 5315
H\ 14 7.49] 1279 14.38) 17.27] 20.75] 242 2832 37.37 35.9? 458 59.‘25
7 ] 15 - 86| 13.69; 1533 18.47) 21.40 26| 30.42) 395.87; 41.07 49891 60.55
Total 194.27] 3305 397} 453.2 540 640.2] 766.9| 10451 10653) 1294.2] 15792
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Particle Size

= 2mm [dia)'

{nitial Bed Height = 15.0 cm

Flowrate = 8.7 Lit{f min

Table C52: Local Current of individus! Section for Increasing Applied Voltage

Temperature = 25 Voidage = 0.75
& Vv T A b
(m A)
_ 501 100 150 200 250 300 350| 400] 450 500 550
_g ‘ 1 054| 1423) 17.16) 2077} 2552 296 33.52| 44.47] 43.37 80| 69.52
”‘L 2 7.78| 1333} 16.86) 19.67| 24.72] 29.5| 33.52| 4427| 47.17 £98| 69.32
A o 3 772} 1273} 16.46; 19.17) 24.52 280 32.42| 43.07| 46.07 57.8] 67.32
Hg 4 7.54 1‘2_’..13 16.46 1517 2372 277 31.52] 4217) 46.07 7.5 67.02
i 5 7.54 1‘3-13 16.46| 1917 2372 270 31.62) 4227 46.07 5751 6702
| S & . 2571 4913 §7.69! 66.88; 73.43; £9.2/104.08[ 148.2| 1471 1?3.3 217
_cE; 7| 23.63| 47.65! 57.65| 66.88| 72.48] ©£7.9)102.88| 1455 1455/ 1766 21A.é
1 TI- 8| 27.95| 47.12| 57.1| 6355 7588| G552 99.93| 1451 1445, 1752] 2134
_3 8| 2751 46.13| 56.14] 62581 7638 £5.1|100.32] 144.2| 144.5] 1752 213.4
i 10 282! 37.04| 5594 60.538| 7148 ©1.1| B7 53| 141] 1456) 164.4{ N2.6
| 11 2.42| 43.39] 14.99|-2057| 2139, 27.8| 32.22| 41.27) 4227 528 60.4
1 12 7.61| 12.89| 14.45] 17.37| 2075 24.5] 28.82| 37.97| 33.97 485! 59.05
| : 13_ 7.61] 12.89 '14.45 17471 20.89) 24.7] 2862 37.57 35;1-7 49.9| 53.45
L\ 14 7.79| 13.09| 14.68{ 17.57{ 2109 245 28.62} 37.67] 40.27 50.11 6855
R 15 9.9 1499 17.13) 1977 2279 273] 3172, 4117 42.37 51.2| 61.85
Totsl 2.3.;2.51 360.9] 4438 5109] 602.95| 693.4; 217.6] 1136| 1154 1416.3; 1700.7
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Table C53: Local Current of Individual Section for  Increasing Applied Vioitage
Particle Size = 2mm (dia) Initial Bed Height = 15.0 cm Flowrate = 10.5 Lit/ min

Temperature = 2% C Voidage = G.75

. 50 100 150 200 250 300 3501 400 450 500
_2 ' ‘ 1 1021} 15.78] 18.63| 21.97| 2635 312 38.42| 47.17) 51594| 6837 8237
_; T2 9.45] 14.83] 13.43| 20.87| 2609; 3t1.1| 38.42} 4657, 80.74; 6017 .82.17
| o 3 9.45| 14.23] 17.93 20.37] 2589 256 37.32] 4577 43.64 66.-‘17 80.17
_E 4 9.21 1.4_63 17.83; 2037 2R09{ 23.6| 36.42| 44.87| 49.64] 6537 79.87
| 5 9.21 “Id.63 17.83} 2037 2508| 28.6) 36.52| 44.97| 4964 65687 79.87
i s ‘ 6| 3669 55.43| 6387 7183 28426 9508 123.58 16931 161.7| 212.74| 268.63
| g 7| 3561| 53.96| 63.83] 71.98 B84.26] 5458 122.78} 166.6| 160.1| 210.54| 266.43
| -:- 8| '34.93| 53.42] 63.28| 6£.68| 81.75; 91.88| 115.88| 154.2| 155.1| 205.14]| 265.03
_3 9] 3449 5243} 6232| &7.68] 81.16| 91.78|120.23| 1653 159.1| 209.14) 265.08
| 100 33.22) 51.72] 62.12} 65.68] 77.26] B7.72|117.48| 1521 150.2} 193.34] 254.28
8 1 2.29| 13.93 1583] 2157 22685 261, 33.52) 41.97; 4464 55.67) 7417
1 12 2.11] 13.73| 15631 18.67| 2239 261 33.52| 41.97| 4464 5567| 73.67
| 13 2.41] 13.73| 15.63] 10.47| 2249 253! 33.22| 4167| 4484| 5967 73.Q7
i \1{ - 14 7.61] 13.23| 1513 17.97] 2189, 2b0.4; 32.62| 40.97 d5:24 55.27| 73.47
L 15 "i1.21 17031 1911 2147} 2528 289) 37.12) 4507) 48.84| 8207 7727
| Total 2658 412.7] 4B7.6| 5472 BLE26 7:14.3[ 961.5 1222§ 1280; 1674.7] 20957
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Tsble C54- Local Current of Individusl Section for increasing Applied Voltage

Temperature = 28 G Vaoidage =

0.75

Particle Size = 2mm (dis) Initial Bed Height = 15.0 cm Flowrate -= 11.4 Lit/ min

§———Vv © L T A G = —»

(m V) '

) s0| 100l 450 2000 250  s00) 3500 4000 450! BOO) 50
H: 1] 10092! 17.18| 2033| 2401| 2875 37.44] 37| 4757 £2.34] 68.77| 8277
_L s| 996! 1623 2013 2201 27.75| 3234 37.1| 47.37] 51.14] 6857 €2.57
o 3| 996 1563 19.63] 2241 2755 3024] 36| 46.17) 50041 66577 80.57
_2 4l 972| 16.03| 19.63] 22411 26780 z584] 361| 45.27] £004] 6627 80.27
1 s  972| 16.03| 1963 22411 2a7s| 2984l 352| 45.37) £0.04] 66270 8027
S 6| 3m23| 6153 71.17] s0.64] 91.4] 101.41119.17] 161.4] 163.5] 214.68] 270.78
_E 71 38.15| 60.08| 71.43| €0.64] 91.41 100.1]117.97| 158.7| 162.2) 21248| 268.58
_TI gl 37.47| 5952| 70.56] 77.34| ss.9] 9738 115.07| 158.3| 161.20 211.08| 267.18
_g 9| 37.03| 58.53| e9.62| 75.34| B7T.02! 9728 115.47| 167.4] 151.2) 211.08] 267.18
| 10| 35.78] 57.82] 69.42| 7434 544 93028[11267| 154.2! 1623/ 20023| 256.35
| 11 g6 15.03) 17.23] 2331] 2405 2704 31.9] 42.07| 4474 6577 7427
| 12|  8a2| 1483| 1703 2041 2375 2704] 319 42.07] 44.74| 5977 7377
1 13|  232| 1483) 17030 2021] 2287] 27zd] 316) 41.77| 44.94] 60.17] 7317
N 14} 7.84| 14.63| 1653 19.91] 2258 2534 309| 41.07| 45.34] 6957 73.57
1 48| 10.44] 1693 19.63] 2281 2572 29.74| 3776| 4527 47.54] 61.47] 76.47|
Total o134| 4543 5387 05| 6957! 752.1) 92451] 123s]. 1252| 1636.8] 2107.8




Table C55: Locs!l Current of Individual Section for increasing Applied Voltage

Particle Size =2 mm (dia)  Initisl Bed Height = 160 om = 12.7 Lit/ min
VTemperature =25 C 0.75
4V 0 L T A G E b
(m V)

50, 100| 150 200 25¢| 300{ 350 500 550
_E 1] 11.28| $7.95| 21.66| 25.97| 30.15! 37.43| 47.39 721| 87.33
I 2| 1052 17| 21.46] 2427 2939 37.33] 47.39 71.8] 2713
Nﬁ 3| 1052] 16.4] 2096| 2437 26.19] 3583| 46.25 69.9] 85.13
_g 4] 1028] 16.8| 20961 2437 2839 3483 4539 69.61 84.83
5] 10.28| 46.5| 20.96] 2437| 28.39) 3453 45.49 R9.6| 24.23
IS 6| 3837| 6151] 73.30| se3al sazel 1132 157.08 224.9) 28592
E 7| 37.29| 60.04| 73.35! S85.3%] B94.86! 146.9| 156.06 2227| 283.72
Tl 8| 3661 595 728| 2208 9238 1142| 18318 2213] 22232
|0 9| 3647] 52.51| 71.84| 81.08] 91.75! 114.1] 153.56 221.3| 282.32
_N 10] 349| 57.3] 71.64] 79.02] 27.26| 110.1! 150.76 2106 271.52
| 14] 966 164 19.48] 25.57| 2529 32.83| 4278 63.7| 79.43
12| 9.43| 16.2] .18.86| 22.57| 2599 3263] 4279 63.7| 78.93
13| 9.48| 162 18.96] 22.77) 2609 3283 4249 64.1] 7833
14| 968| 16.4| 19.16| 23.17 26.29; a263| 42.49| 84| 79.43
15| 10.68) 17.3] 20.76] 24.17) 2699 3433 44.49 64.4| 8073
Total 285.2| 464.8 555.62 65569 733.5! 5189 12178 1773.7] 2231.9
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Table C56: Local Current of individual Section for Incressing Applied Voitage

Particle Size = 2 mm {dia)} initial Bed Height = 150 em Flowrate = 14.6Lit/min

Témperature =25 G Voidage =075

141

4 ———Vv O L T A G E »
{m V) ‘
|

~ 50 00| 150! 200/ 250 300! 350 400 450] 500 550
j 1| 898| 1565 19.36] 23.67] 27.83] 36.13] 4509 E28, 518 693 8503
_L ‘2| 822 147| 1918 2267! 27.05] 3603 4509] 526 §0.6] 696 8483
e 3| 822| 141 18.66| 22.07| 2689 3353 4359 514| 495 67.6| 8283
fE) 4| 793 145] 1866 2207  26.05| 3253| 4309 506 455 - 67.3] 8253
1 5| 798] 345| 18.66] 22.07| 28.00] 3253| 43.19| E0S5| 496] 67.3] 8253
S 6! 3307| 56.21| 62.05| 8008 89.56| 112.9] 161.96] 183.1; 524! 219.6| 280.62
_E 7| 31.99| 54.74] 6205 80.03; S59.56, 111.6] 150.76| 180.4 160.8| 217.4 278.42
_Tl 8| 3131 542| 675 7678 07.06] 105.9)147.86] 180l 169.8) 216] 277.02
_: 9] 30.87] 53.21| 66.54] 75.78| 95.46] 108.5| 148.26, 179.1] 159.8| 216! 277.02
] 10| 296 525 66.34] 73.73| 22.56| 104.5|145.46| 175.9| 1605 205.2| 266.22
| -~ 41]  7.36] 14.1] 16.86[ -23.57| 23.59| 30.33] 4045| 4795 448 61.4] 743
i 12|  7.48| 139] 16.66] 20.67| 2369 30.33| 4049 479 448 614 7663
i 13| 718] 139| 1666) 20.47| 23.79] 3053| 40.19] 476 45| 618 7603
1\ 14| 738! 141] 1686 2057| 2398] a033| do19| 4a76] 481 17| 7743
| 15| 838| 15| 18.46] 21.57| 24.69| 3203 4219 501 47 621 78.43
Total 235.7) 415.3) 516.52] 606.4] 529.4] £63.4] 11683| 1398] 1282] 17242| 21824



Table C57: Local Current of Individual Section for Increasing Applied Voltage
Particle Size = 3mm (dia)  Initial Bed Height = 6.0 cm Flowrate = 5.8 Lit/ min
Temperature = 29 C Voidage =0.9

“— v 0 L ( ,I. " E >
50 | 100 | 150 | 200 | 250 | 300 [ 350 | 400 | 430 i 500 | 550
_S 1 434 | 665 | 82 | 10.1 | 12 136 | 13.9 ! 142 | 1.7 | 282 | 329
|E |2 358 | 57 | 8 o |12 15| B9 1 |25 3 | 527
jc {3 358 | 51 ] 75 | 85 11 | 12 | 128 | 128 194 ¢ 26 | 307
| |4 334 | 55 1 75 | 85 | 10.2 5 I3 119 | 119 | 9.4 | 287 | 304
s 5 334 | 55 | 75 | 85 | 102 | M 12 17 1 194 1 257 | 304
| |6 1151 |17.21 | 2045 | 228 | 23 | 238 | 242 | 157 39 ¢ E0.2 | 69.1
__O 7 10.43 [ 1574 | 2041 | 21.8 23 25 23 W1 ITH 48 66.9
_" 8 9.75 15.2 11986 | 195 | 205 | 198 | 20.1 | 126 | 364 | 46.6 | 655
L | 931 |1421] 189 | 18.5 | 195 | 127 | 205 | 217 | 36.4 | 466 | 655
|1 [10 804 | 135 | 187 | 165 : 16 871177 185 1 375 | 358 | 547
ERRt! 322 | 56 | 62 | 105 | 86 ! 93 | 98 | 9.8 | 152 | 203 | 255
12 3.04 | 54 6 76 | 83 | 93 | 98 | 98 | 152 3 | 15
| [13 304 | 5.4 6 74 | $4 | 95 | 95 | 98 | 134 | 207 | 244
| ¢ |14 324 | 56 | 62| 78 | 86 | 93] 95 | 95 | 165 | 206 | 255
115 424 | 65 | 78 | 88 | 93 118 12 L 1Te | 2 | 268
Total $4 1318 )169.22| 186.8 | 200.2 | 211 | 220.1 | 227 [366.8| 463.7 | 606
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Particle Size = 3mm (dia)

Table C58: Local Current of individual Section for increasing Applied Voltage

Initial Bed Height = 5.0 cm

Temperature = 29 Voidage =0.9

Flowraste = 7.9 Lit!f min

4&—— Vv 0 L T A G E 2
m V)

50 100] 150} 2000 250! 300] 350] 400| 450[ 500 550

_f: 1] 451 7.04] 856] 107| 1265] 1423 1486 122 268 331 3595
_ﬂ:{ 2| 375| 609] 836 5.6 11.86 1413 1465 13 266 325 3575
{0 3| a7s| 549| 786] 91) 1166 1263] 1356 168 245 305 3,75
_g 4| 351 589| 7.86] 91| 10.86] 11.63| 12.66] 159 245 306 3345
i 5| 351| 589] 786 91] 1036 11.63] 1276] 16| 245  30.6] 3345
IS 6| 12.19] 1878| 21.92] 262 o2564| 2632) 2724] 417] 594 svsl 813
_‘(E; 7| 11.41] 1751] 2188 252| o564) 2502 2604] 35| 578 675 754
_Tl 8| 1043} 16.77| 21.33] 24.9] 2314] 2232| 2314] 388 sesl 682! 777
|9 S| _999) 1578 20.37| 205| 2084|2222 2354) 3.7, 568 €62 777
ﬂN 10| 872 1507] 20.17| 18.9| 18.64] 1822 20.74| 345 57.9| 64| €69
i 11] 339] 599 656] 111 926| 953 1086 138 03] 251 2855
i 12| 321| 579 636 o2 556 993 1056 138 203 264| 2805
i 13| 321| 579 636 8)  9.05| 10.13| 10.25] 135 205! 255 27.45
1 14| 339) 599 655 54| o926 953 1026 135 216] 257] 2855
) 15| 45| 639 8| 96 9% 11.73) 1236 . 18] 227] 258 29.85|
Total £9.47) 1448) 120|208 om0l 2a0| 243! 347l s20| st05| e975|
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Tabie G59: Local Current of Individual Section for increasing Applied Voltage

Particle Size = 3mm (dia) Initial Bed Height = 5.0 cm Fiowrate = 8.9 Litf min
Temperature = 29 C© Voidage = 0.9

+T—- v 0 L T A G 3 P
(m V)
] ‘

50| 106| 150] 200 250| 300] 350| 400 450) 500/ 550

_g 1,  434] 738 923 118! 1339 1523| 1536 205 299| 358 3872
_I' 2| a3se| 643 9.03] t07] 1309 1513| 1536 203| 287 356/ 38.52
j0 3] 358 583} 853 102/ 12E9) 1383 i626] 19.4] 2751 338 3652
_2 4] 334 23| es3] 102 1209] 1253 1338 182 27.5] 333 3622
| 5| 334 623 853 102! 1208l 1263] 1346 123| 276l 3| 3622
s 6| 1151 2013| 24.57| 29.6{ 3056 2032 30.04] 509| 718 806/ 92.4
_E 7l 1043] 1566] 2453 296 2056l 2002 2o84| 4s2] 702 754 802
_Tl 8] 975 18.12| 2388 263 22.06| 26.32] 25.54| 47.8) 692 77| 838
|0 ol 93] 17.43] 2302| 253 27.46] 25322 2634 465 692 77| 838
__N 10| 804| 16.42| 2282 233 2356| 2222| 2354] 437 03| 6.2 72
i 11 322! 633 7230 122 1045 10.93] 11.26] 16| 23.4] 275 31.32
| 12|  304| 613 703 53] 1015 1053] 11.26] 161! 234; 279 3082
| 13) 304] 613] 7.03] 91 1025} 1113] 1086, 158 235 223 30.22
| 14] 324| 663] 711 97| 104% 1103 11.08| 158 247 282! 31.32
v 15 424 7.23 233 105 41.29] 1263| 12.96 18.3 25.8 28.9 32.42
Total 24| 18| 200! 238f 257 2600 2641 416 si3l  esz| 7805
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Table CG60: Loca! Current of lndividual Section for Incressing Applied Voltage

Parti(‘;le. Size = 3mm (dia). Initial Bed Height = 6.0 cm Fiowrate = 10.5 Litf min
‘Temperature =29 C Voidage =0.9
$———vV A E >
{m V)

| 50 100 150 200 250 300 350 4T0 450 500 E50
_g 1 591| B.78 10.6 12.9; 15160 16.73| 20.16| 22.4| 23.37| 44.07 51.47
_L 2 BAG| 7.83 10.4 118} 14361 1663 2016 22.8| 3217 4387 51.27
_0 3 &15y 7.23 99 11.3| 14161 1543| 19.061 21.7) 3t1.07| 4187 49.27
_g 4 4.91 7.63 995 41.3| 13.38| 14.43; 18.16] 20.8| 31.07{ H41.57] 4857
| | 5 491} 7463 9.5 11.3} 13.35; 1413 1826 205! 31.07 :-11.57 43,97
B ] 6] 17.79] 2573 30.0% 34| 3564 36.3] 49.24| 61.3; 85.68) 113.84 143.38
| E 71 1671 24261 30.01 34 | 35.54 35 4B.04: A58.6) 54.03] 111.64| 14115
_1; 8! 16103| 23.72| 29.48 307! 3314] 323 4514{ 58.2! 53.08| 110.24] 139.78
B o 8 1559 22.73 285 297 32R4| 322 4554 57.3| 33.08:110.24} 139.72
| N 107 14.32] 22.02 283 27.7| 2864| 232| 4274) 544 S4.18: 95.44| 128.98
| | 11 479 7.73 86 13.3! 11761 12.43] 1606 13.7{ 25687 36.17; 4407
| | 12 461 7.53 8.4 10.4| t1.46) 1243 16068 187 26.37| 3617| 43.57
| 13 461 7.53 2.4 10.2| 11.56] 1263| 1576| 1B.4; 27.07| 3617 4257
_|\/ 14 A;.B‘! 7.73 8:6- 10.4 11.76‘ 1243, 15.86] 18.4{ 28.17] 36.47 44 07
15 581 893 9.98 11] 12.46] 14.33] 47.76| 20.8| 29.17; 36.67 4527
Total 1314] 197| 2410 o70| 285l 05| o8| 4sa] 7170 sa0] 1163
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Table C81: Local Current of Individual Section for increasing Appliéd Voltage
Particle.' Size = 3mm (dia} ‘ initial Bed Height = 8.0 cm Flowrate = 11.4 Lit/ min
Témperature =29 C Voidage =09
4____ v 0O L T A G E P,
{m V)
50 100 150 200 28G; 3090 350 4001 450 alal 550
_‘2 | 1 6221 978 11.9] 14.54| 1662y 1757| 18.44| 23.1| 33.371 44.07 51;4? '
_L 2 526| 883  41.7| 13.44) 1562] 1747 18.44| 225 3217 4387, 51.27
_‘_O -3 526 8.23 11.2) 12,94 1542 1557 1734} 21.71 3107 41.37: 4927
| 2 4 502 B63 11.2]1 12.24] 1482 1457 16.44] 202 31.07 4-1 L7 4897
| 5 | 502 B.63] 11.2f 12.84] 1462, 1457 1654, 209) 3107, 4157} 4897
__S 6] 18.23| 29.73| 35.25 405/ 4068: 337| 42331 613} 357 113.68: 143.38
_‘g 7] 17.15] 28.260 35.21| 4056| A0GR3| 3541 4113 586 3941 111.45] 14118
_1; 8| 1647} 27.72 ‘ 34.684] 37.26! 3818! 35.7) 33.23] &&8.2; 83.1) 110.08] 139.78
_{3 9| 16.03| 26.73| 33.7| 3626] 3636, 356 3863] 57.3; 531 11008 139.73| .
B 10} 14.76) 26.02 335] 3426] 3368; 316, 3FxB3| 541} 342 99.28| 123.93
| | 11 4.9 873 99 14984 13.02; 13.27| 1434 18.7| 26.87; 3517 44.07
| 12 4721 8.53 9.7 1204 4272 13.27) 14.34) 187! 26,837 3617} 4357
| 13 4721 253 97 1184 1184 1347 14.04| 438.4| 2707: 36457 4297
L\ 14] 494 903| 99 1224 1225] 1327] 1404] 13.4] 2817] 3667 4407
' 15 584 5483 11.3] 13.24] 1363, 1457 192 205} 25407 3537 4527
Total 134.54 227 280 320 330) 330.2! 359.31 494 7170 940 1163
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Particle Size

Table C62: Local Current of Individusl Section for Increasing Applied Voitage

= 3mm (dia} Initial Bed Height = 6.0 cm

Temperature =29 C Vioidage =

0.2

Fiowrate = 12.7 Lity min

44—V © L T A G E »
(m V)

so| 100 150 =z00| =250] =00l 3s0] 400l 4s0] 500 550

_j 1| 658| 10.55] 13.23] 65| 1806, 2266] 26.73] 3063} 3513 47.4| 56.03
_L 2| 582 96| 1308 15.4| 17.28] 2246 28.73] 3043} 3353, 47.2| 55.83
o 3] 582 o| 1253| 149 17.08| 2096| 2763 2920] 3283 52| 5383
,_Jg 4| 558 94 1253] 149 1626) 19.95) 2673 28.33} 32.83] 449) 5353
i 5| 658 9.4 1253 14.9] 1528 19.56| 26.83; 28.43| 2083, 449 £3.53
| |S 6| 2047| 3281 4057 5.4 47.24) 5954 3352] 91.42| 9272]  127| 15162
_f; 7| 1939| 31.34| 4053] 454 4724 5224] 8237) 88.72) S92 124.8| 159.42
__1; g| 1871| 308| 39.98| 45| 4474 5684] 79.42) §8.32] 5012 123.4] 158.02
@ 9| 18.27) 29.81| 29.02| 44.1] 44.14] 56.54| 79.82| §7.42| 90.12| 1234 158.02
_N 10 17| 291| 3882 421 4024] 51.54| 77.02| 2422 §1.22) 112.6| 147.22
| $1| 546 95| 11.23] 165 1466 13.26] 2463| 2623 283.63] 395 4363
] 12| s28| 93] 11.03|... 14] 1436 1826] 2463| 25.23) 2863 395 48.13
1 13| 528 93] 1.03] 138 1446] 15.46] 24.33] 25.53| 2883 399, 4753
) 548 95| 11.23] 142 1458 48.06] 24.33| 26.93) 2953 398 4863
15| 648 104 1283 152| 1536, 1555 26.33) 28.43 3083 402| 49.93

Total 1512| 2498| 32012 78|  az2| 4758 ees| 719.5| 789.7] 1035.7] 12999
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" Initiat Bed Height = 6.0 cm

Table C63: Local Current of Individual Section for increasing Applied Voitage

Flowrate = 14.6 Litf min

Particle Size = 3mm (dis)
. Temperature = 22 " Voidage =0.9
—V T A G »
{m ¥} )

} s0l 100] 180] =200/ 250] 00| 350 400 450] 500|550
_j 1l 714! 12420 165 1863 2318] 27.7| 3356 39.27| 43471 €14 757
_; ol easl 11.47] 183 1753| 2238 276| 3356 39.07| 4727,  61.2] 755
o a| es3e| 1087] 158 17.03| 2216 26.1] 3246 37.87] 46.47] 69.2| 735
_2 4l 614| 1127] 58| 47.03] 21360 251| 3156 36.97| 4617 689} 732
1 5| 614l 11.27] 158 1703 2138 26.1| 216s| 37.07] 4617 588 732
_12 6| 2271| 4029 53.65) 8692| 6764] 502 10054 126 146.1] 183 2403
i 7| 2163l so.m0| 5381l 5692 67.64] 78.50101.64] 1233 1445} 1908| 2381
_Tl al -005| 33.28| 53.06| 53.62| 6514| 762 98.74| 1229 143.5] 179.4] 2367
o ol =2081| 37.29] 524| s262| casa] 76.1) 99.14] 122] 1435, 179.4| 2367
_N 10| 19.24] 3658| 5190 5062 coes] 72.1] 9634 1188 144.6| 163.6| 2959
| 11l 6ozl 11371 145 1s.03! 1978] 23.4| 29.46| 3487] 41971 35 €33
i 2| ses] 1147] 443 1613 19.46| 32| 04| 3487| 4197 sa5| 678
i 13l 584] 1117 143 1593 1988 236| 2916| 3467) 4217] 539 672
L1 eod] 11.97 145| 1633 19.76] 234] 29.16| 34.67| 4327 ~ 538|683
| 45| 704] 1227] 164] .33l 2046 251] 3116 3T07| 4447 F42|  69.6| -
Total 163! 2059| 418220 4427 535|634 2095 979.1| 1179] 1469.7] 1890
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Table C64: Local Current of Individusi Section for Increasing Applied Valtage

Particle. Size = 3Imm {dia) initiat Bed Height = 3.0 cm Fiowrste = 5.8 Lit/ min

&

Tempersture = 25 C Vygidage =0,

—— V. 0 L T A G E »
{m V)

= sa| 100| 150! 2o0| 250 300f 350] 400; 450] 500 50
A 1! 654| 1955 14.43) 17.07] 21.53] 2557, 30.05! 3617; 3817, 504, 617
-|: ol 57| 106] 1393 1597 2083] 2587 30.06| 3557 3687] f02| 615G
|0 al  s578| 10| 13.43] 1547 2063 2437| 2886l 3477| 3vET| 482 595
HEE) 4l 554 104] 13.43| 15.47| 1953 2337 23.06] 33.87] 3587 479 5.2
| 5| 554 104| 12.43] 1547 19.83] 2337; 28.16) 33.97| 35.87] 479| 359.2
|8 ol 2031 3661] a4.47| s50.68| &152| 7308| eo.24] 1135 1045]  135] 1943
f; 7| 19.23| 235.34| 44.13 s0.68| 6162 7158 87.64 105! 1033 1368 1821
r_TI al 1855| 348 4358 47.33| 5902 6928 84.74] 11056 1023] 1354| 180.7
_3 9l 18.11] 3381 42.62| 46.39] 50.42] 6318 25.14| 105.6] 102.3; 1354| 1807
| 10! 16.84| 33.1| 42.42] 4438 5453, 6518 82.34] 106.4) 103.4] 1245| 1699
i 11] 542 105] 1213 17.47; 1323 2167 2596 31.7? 31.671 425| 543
i 120 524] 103] 1193 1457 17.93) 2167) 2596! 3177 31.67; 425 532
] 13l s24] 103] 11.93] 1437 1303 2157| 25.66| 31.47] 3187 428| 532
iy 14] 544| 105 12.13] 14.77] 15.23 2167| 26566! 31.47 3257 428 543
__ 15| 44|l 114) 1373 1577| 18.93| 2337 27.66| 33.97| 33.87| 432 55'-.?3
Total 150} 279.3| 347.12] 3959 489.1, 5S21| 704.9] 8861} 850.9] 1129.7] 1470

149



Teble C65: Local Current of Individual Section for Increasing VApphied Vaoltage

Temperature = 25 G Voidsge = 0D.85

Particle Size = 3mm (dia) initial Bed Haeight = 5.0 em Flowrste = 7.9 Litf min

4__—. v .0 L T A G E }
{m V)

~ 50 100 150 200 250 300 3501  AQ0) AS0 £00 550
_z 1 6.71| 9.24| 1076 4291 1426, 16.43, 16.86; 204 29 J5.3] 38156
i L 2 595| 8.29 10_5§ 41.81 14.06] 1633 1686y 20.2| 278 351 3795
_0 - 3 595| 7.65| 10.06{ 4113} 13.846: 14.83| 1576 18] 267 33.1| 3595
_2 4 571 809] 1006 11.3] 13.06{ 1383 1436 18.1] 267 32.8; 3565
| . 5 571| 8.09%| 1006 1.3} 13.08] 13.83| 14.96] 182 26.‘7 328 3565
1 S 6| 1539 21.98| 25.12| 23.4; 28.84] 2952 30.44; 449 52.6 73 84.5
1 ﬁ 7| 14.3t1] 2071 2505 | 78.4( 28.084| 2822 2024, 4272 51 708 82.3
_Tl. 8| 13.63] 1997] 2453 251 2534| 2562 2634 415 &0 6%.4 80.9
| g 9| 11.29{ 17.08] 21.67| 22.2| 23.54] 23.52| 24.34 35 521 67.5 79
| 10| 10.02] 16.371 21.47] 20.2| 19.94; 1552| 22.04] 352 592 56.7 638.2
i 11 439] 699 756{ 1217 10.26) 1093| 1156 148 213 261 2955
i . 12 421 678 7.36 ! 5.2 556! 1053 1156 148] 213 261 2905
i 13 424 6£.7% 736 | 40.06! 11137 11.26| 145; 215 265, 28.46
L\ 14 4353 698 755 o.4] 10.26) 1053 11267 145 2.’3.‘:‘.'E 267, 2955

L 15 55! 7.39 a8l  10A} 1055 1273 13.36 17| 23.7 2628 3085
Total | 1 737 173 2 D332 2482 D2EED2 2712) 3752| B4B2: 6337|7257
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Table C66: Local Current of individual Section for increasing Applied Voitage

Particle Size = 3mm (dia) Initial Bed Height = 9.0 cm Flowrate = 3.9 Lit/ min

Tempersture = 29 G Yoidage =0.61

151

4—Vv O L T A G E 4
‘ {m Vi
!

= s0| 100] 150 200] 250| 300| 350 400| 450{ 500i 550
A 1| 24| 928 11.13] 137 1579| 17.43] 17.26| 224 318 377 40.62
j; 2| 548| 833 1093 126| 1499 1703 17.26] 222| J05| 375 10.42|
|0 3|  543| 773 1043 121] 1475 1653] 16.16] 21| 2950 395| 3842
_2 4] 524] 843| 1043] 124] 1399 1453] 15260 20| 295 392 3812
| 5| 524| 813 1043] 121] 1399 1453| 1636] 202 295 352{ 3IBI2
1S 6| 1891 2753| 31.97] 37| 37.96| 37.72| 37.44) £83] 782 g8l 998
_E 71 17.83| 26.06| 193] 37| 37.96| 3542 3624 EE6] 77.6] 858 976
__Tl a| 47.45) 2552| 31330 337] 3546| 3372 3334 562] 766 844) 962
_‘g 9| 16.71] 2453] 3042| 32.7| 3486) 3362| 3374 543] 766 244 967
i 10| 17.4| 16.44| 3022 307| 3096| 2962 30.94| 511 777 736|854
i 11| 532| 789] 8418] 127 10.86| 1453] 1516 184 za_ai 2970 307
i 12| 481 739 7.96 9.8 1056 1153 12.16] 15.4 :nri 25.7| 2965
i 13| 41| 739] 796 96| 1086 1173} 1128 151 22.1;‘; 27.41  29.05
1N 14 499| 759 815/ 10| 1086] 11.53| 11.86] 151 232|773 305
'l 45| 64| 49| 98| 112 1156 1333 t3.96] 17.6] 243 27.4] 3145
Total 141.71| 1991 261.1| 27| 30625 3125] 32| 462 655 7385 £21.9



Table C67: Local Current of Individual Section for increasing Applied Vaoltage

Particle Size = 3mm {dia) Initiai Bed Height = 5.0 cm Flowrate= 10.5 LIt/ min
;I'envperature = 23 C Yoidage =0.55
4$— v o L T A G E —b
(V) ]

5 100 150 200 250 300 350 400 450 500 550
_z 11 8.11] 10.98 12.8 15.1 1?.36I 15.83] 22,35, 26.3| 35.57] 4627 563.67
_; 2 7.35( 10.03 12.6 14] 16.56| 12.83] 22.36; 251) 34.37] 4607 563.47
a 0 3 7.35] 9.43] 121 13.5{ 16.36] 17.33] 21.26] 239; 33.27| 4407 5147
_2 4 7.41| 983 124 13:5) 1556 15.33] 2036 23 33.,2?E 4377 5117
| 5 7.1 983 12.1 13.5] 1556| 1633 20.46¢ 231| 33271 4377 5197
| S 6| 2619 3413 38.45 42.4] A4041 447 5764, 657! 54.03] 122241 15178
_!(E; 71 2514 3268 3IB.41 42 4! 44.04; 43.4; 56.44 657) 92.48 ;120.04 149-5;8
_T'. 8f 24.43| 3212| 37.86| 39.1| 4154 407! 5354| 656; 5148 118.64] 148.18
‘:\:: 9] 2398 31.13 36.5 38.1| 40.594 40.6| 53.94: 657, 5148 113.64 14218
i 10§ 22.72] 3042 367, 361 37.04] 356] Hi.14 62.5 92 52! 107.04| 137.32
i - 11 6.32) 9.33| 10.2)7 1493 13.358| 14.03; 17.66| 203 28.475 37.77| 4567
| 12 621 913 10 12{ 13.06; 14.03] 1766, 20.3; 28.47; 37.77| 45.17
| 13 6.21] 913 10 1.8y 13.18; 1423} 17.36 20} 22.87| 3777 44.57
H 14 6.41| 9.33 10.2 12| 43.36] 1403] 17.46) 20! 29.77] 38.07; 4567
] 15 901 12.13] 13.18 14,2 14566; 17531 2056 244} 3227 3587 43.4‘}
Total 1:93.? 259.6{ 3036 3326| 357.6) 3675| 4706 E56.6{ 779.6] 1002.6| 12266
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Table C68: Local Current of Individual Section Tor Increasing Appligd Voltage
Particle Size = 3mm (dia)} Initial BEed Height = 2.0 em Flowrate =i1.4 Litf min

Temperature = 23 C Voidage = 0.55

44—V o L T A G E P
(m Y}
B 50| 100/ 50| 200| 250 300  360] 400)  450) 500|680
_ﬁ 1| 8.82] 12.38] 14.5] 17.14; 19.22] 2017| 24.04] 257| 3597 46.67| 54.07
_I' 2] 7.86| 11.43] 14.3| 16.04] 1822 2007| 2404 D255 3477, 46.47| 53.87
[0 3| 786l 10.83) 135] 1554 15.02] 1857| 19.94, 243 33.67| 44.47| 51.87
_2 4 7.62] 11.23| 138 1554 17.22] 1757, 19.04] 23.4| 23.67 44.17| 51.57
i 5| 762\ 11.23) 13e| 1654 17.32 1757) 1914] 205| 2367 aa17| 6167
S 6| 26.23| 37.73| 43.25] 485.56| 48.6S! 477] 50.33; 63.3] §37! 12168 151.38
_ﬁ 7| 25.15| 3626] 4321 4566 smss] 45| 4913) ees| 92.4] 119.48) 149.18
_T 8| 24.47| 3572| 4264} 4526 45.18] 437| 4633 652| 91.1] 118.08; 147.78)
_g 9| 2403| 34.73| 41.7] 44.26| 44.36| 436| 4663 653| 911] 118.08) 147.78
1 10| 22.76| 34.02] 415 42.26] 4163 356! 43.83| 621 $2.2; 107.28| 136.98
i 11 67] 1053, 11.7| 1674] 1482} 16.07) 16.14] 205 25.67) 37.57) 45.87
| 12|  652| 10.33] 11.5] 13.84] 1452 15.07| 16.14] 205, F67| 37.97| 4537
i 13]  6.52] 10.33]° 115 13.64| 1354] 1527 1584 20.2] 28.87| 35.37] 4477
N 14| 674] 1083 11.7] 14.04] 1405 1507) 1524 202] 2967 s2.47| avE7
L] 18] 7.64{ 1143 131] 15.04; 1549| 1677 21| 227| 3007| 3867 471.07
Total 196.54] 209 342] 332 ?szi 252.2] 421310 566; 75| 1002 1225
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3mm (dia}

Table C69: Lacal Current of Individusl Section for

Flowrate = 12.7 Lit/ min

Increasing Applied Voltage

Particle Size = Anitial BEed Height = 20 cm
Teniperature =29 G Voidsge = (.85
4-— '] T A }
{mV}

50 100 150 200 2500 300 356 4q0) 450 500 550

_ﬁ 1 9.18| 13.14; 1583 19.1] 20.86; 2514 31.33| 33.23; 3773 50| 53.63

l-;: 2 842, 122 1563 18| 19.86| 26.06] 31.33| 33.03} 36.53 43.8] 5843

1 O 3 842| 11.6| 1513 175 19.66) 2356 30.23) 31.83] 35.43 47.8| 56.43

LE 4 8.18 12| 15.13) 17.5: 1236 2256 2533, 30.93| 2543 47.5| 56.13

| 5 g3.13 12} 15.13] 17.5| 18.06| 2256] 29.43| 31.03] 3543 475 56.13

| s 6] 2907 4%1.41| 4917 ' 5# 55.24] €224 9212 100 +01.30 13566 170.22

_E 7 2793| 3994 4913 57 55841 66540 9092 57.32! 99.721 133.4] 163.02

~1I- 8 2731 39.4| 4858 537 5334 64.24| 88.02] 96.92| 53.72 132| 166.62

i 3 8y 2687 33.41; 4762 §2.7| 5274 64.14] 58.42| 3602 S8.72 132) 16662

i 10 256| 377 47.42{ 07| 4554 6014] 8562| 2282 9982 121.2: 15532

i 11 7.56] 11.6| 13.33 19| 16.76| 2038| 26.73| 28.33] 30.73 At.6; 8073

| , 12 738] 114 13.1:_3__ 16.1f 16.46; 2036} 2673, 25.33: 30.73 416 50.23
|| 13 7.38) 11.4| 1313 168! 1656 20E6| 26.431 28.03] 30.93 42 49.63]

Ny 14 758] 11.6{ 13.33] 16.3] 16.76| 20.36] 26.43| 22.03] 32.03 419 5073

. 15 8581 125, 14.93] 17.3| 17.45! 22.06: 2843 3053 3.’19: 42.3; 52.03

Total 217.7] 316.3} 386.62] 445.3| 445.5; 546.3| 73151 786.4] 836.2] MM06.2 1366;4'
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Table G70: Local Current of Individual Section for increasing Applied Voltage

Particle Size = 3mm (dia) initial Eed Height = 5.0 cm Flowrate = 14.7 Litf min
-Temperature =25 G Voidage = 0.85
44— v T A £ b
: {m V}

50 100 150 200 250 ae 350 400 450 00 50
¥ 2 1 9.44| 14.72| 18.8) 20.583] 2546 30| 3588 41.57| 50.77 63.7 78
H:' 2 868 13.77 18.6| 19.33| 2466¢ 299 35.8G| 41.37| 4957 63.5 ‘ 77.8
| |O 3 8631 1317 18.1] 18.33| 24.46| 284 34.76| 4017 48.47 8156 75.8
_2 4 844 1357 181y 19.33] 2366 27.4| 33.86] 39.27) 438.47 61.2 75.5
i 5 3.44 1;'_3.57 18.1) 19.33] 23.66] 27.47 33.96| 38.37] 43.47 61.2 755
_S 6| 28.01 56.59 55.75] 63.02{ 73.74] B253{108.54; 132.1] 152.2] 18911 246.4
_cE; 7} 27.73| 44.92 55.71 63.02! 7274 851 107.74] 129.4| 15061 185.9] 2442
_T 8| 27.05] 4438; 5916 55.72: 71.24; 82.3|104.24 125 1456 135.46) 242.2¢
_3 9] 26.61| 43.39] 582 5872 70.64| 52.2|10524| 128.1] 1496 1355 2428
| 10 2534} 4263 52l 5672 €674] 79.2) 102.44| 1249 150.7] 1747 232
| -1 7.92} 13.27; 16.4| 2083] 2186 253| 31.36) 36.77| 43.57 554 0.2
1 12 7.74| 13.07| 16.2; 18503 2136 253| 31.36| 35677 4387 56 4 69.7
| 13 7.74| 13.07 16.2) 17.83| 21.46 2550 3106 36.47! 44.G7| 55.8 69.1
8 \V 14 7.94] 1327 16.4) 18.231 21.665 25.3( 31.06] 3547 45.’1?? 55.7 70:2
- 15 8.94| 14.17 18] 19.23| 2235 27 33.06| 33.97 46.0?% 56.1 71.5
Total -2-19.5 357.4| 469.721 4542 5365, 68560 BG1.4] 1031 1222? 1511.21 19415
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Tabte C71: Leocal Current of Individual Section for  incressing Applied Voltage

Particle Size = 3mm (dia) initial Bed Height = 12.0 cm Flowrate = 5.8 Lit/ min

i~

Temperature = 28 C Voidege = 0.8

< .
o
-
f—)
o]
Gl
m
A 4

_ 50| 100] 150 206 250,  300| 350; 400{ 450]  &0O 550
_g 1| ©14] 14.45] 1673 1967 2423 2557] 3286 3377 4077 £3. 643
_L 2{ 9.14| 122| 1653 1557| 23.43] 22.47) 32.66| 3857 3E7]  £28] 641
|0 3| 83e| 126 1603 12.07] 2323 2657] 3186} 37.37| .47 508 621
_E 4] 814 | 13! 16.03] 1207 2243 2597 a2066| 35.47] 3347, 505| 613
| 5 814 | 13| 16.03] 18.07| 2243| 25.97| 30.76| 3557 33.47] 505| 618
S 6] 27.41] 4391 51.27] 57.78| 6862| 2032] 9594 1207| MMZ2{ 1461 191.4
_E 7| 26.33] 42.44] 51.23| 57.72] s2.62) 79.08| 9474 118 110.4] 143.9; 189.2
_T' 8| 2565 415| 50.68[ 54.48] 66.12] 76.32] 91.84| 117.6; 109.4; 142.5| 187.8
O 9| 2521 40.91| 49.72| 53.48| e5.52! 7628 9224| 116.7) 109.4] 1425] 187.8
HN 10| 2204 353] 47.62| 4958] 59721 70.38| 87.54| 111.6] 102.5] 1298 1751
i 11|  752| 12.6] 14.23] 1567 20.33| 2377 2206 33.57) 33.77] 446| 564
| 12| 734| 124 14.03] 1667 20.03{ 23.77| 28.06| 33.87{ 3377, 446/ 559
| 13| 7.34| 12.4| 1403 1647 2043 2397| 27.76{ 33.57| 33.97 45 553
I 14{ 754 126 14.23| 16.87| 2033 2277| 2778 57| 3507 sds| 564
L] 15 :3.54 135| 15:53] 17.87| 2103 2547 2976 36.07| 3557 453|677
Total 207.86] 336.5] 404.22] 453| 545.2] €392 762| 9432| 913| 1186.8] 1527.1




Table C72: Locsl Current of Individual Section for incressing Applied Valiage

Particle Size = 3mm {dis) Initial Bed Height = 12.0 cm Fiowrate =7.9 Lit/ min

Tempersture = 23 © Vuidage = 0.8

fra ¥)

C | ! _
A 1 9.41| 11.94; 13.48] 1558| 17.66] 1913| 1655 2311 317 381 4085
_:' 2| 965 1099 13.26] 145 1676] 1903] 1956 229 305 37.8| 4065
| |O 3 B8.65| 10.3%) 12.76 14] 16.558] 1763 13.46] 21.7| 25.4 35.8| 3865
1 2 4 241 10.79; 1276 14] 1576| 1883 1756 203! 254 355 3835
| 5 8.41] 10.79] 12.76 4] 1575 1663; 1766] 205] 254 364 3836
1S 6 22.79 29.38| 3252 2681 36.24) 36621 37a4| H23 70 757 g7.2
i (I-E; 7] 21.71) 2811| 32.48] 358| 36241 3562| 36.64! 456! 6341 T35 85
_1; 8| 21.03| 27.37) 31.83| 325 33.74] 32892| 33.74] 482 §7.4 72.1 83.6
g 0 9 18.69| 2443 29.07| 29.5] 31.24| 3082 32.24| 454 655 70.2 81.7
[ | N 10 15632 21.67) 26.77| 2556:¢ 2624; 2482] 27.34; 41.1] 545 59.4 70.9
1 11 7.09| 9.65| 10.26! 14.8] 12.36] 13.63] 14.26] 17.5 24 23.8f 32.25
i 12 651 9.49) 1006 11.5]| 1266] 13463 | 1426 175 24 28.87 375
i 13 691t 9.49 ‘.10.06 11.7) 12768) 13.83] 13.96] 17.2| 2412 292 31
L\ 1L 7.09) 9.68| 10.25] 12.1] 1296| 1363} 1396 172 25..3 29.4 .25

_— 15 8.2 10568 11.7] 13.3] 13.66] 1543 1605| 15.7] 264 29.5! 3355
Total 179.27| 2349] 2701 2951] 310.1; 320.1] 3331 437. 'I_!L 6101 &79.2{ 766.2
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“

[Particle Size

= 3mm (dia)

Initial Bed Height = 12.0 em

Temperature = 25 C

~

Flowrate =8.5 Lit/ min

Table C73: Local Current of individual Section for Increasing Applied Voltage

Voidage = (.85

&V T A G —p
{m V)

3 50 100] 150| 2o0| 2ol 300! 356|  400] 4500 500|550
_2 10 8.64| 11.68| 1353] 161| 1519 1963 19.65] 248 3420 401 43.02
_L 2| '78e| 1073] 1333 15| 17.38] 15.43; 1966 246] 33| 39.9; 4282
o al  7.88) 1013} 1283] 145 17.15] 17.93; 18.56| 234| 319 37.9] 40.82
_2- 4| 764] 1053] 12.83] 145 1635 1653| 17.66] 225 319] 376 40.52
i 5| 764 1053 1283 145| 1639 1693] 1778| 06| a1sl 37| 4082
IS 6| 26.31| 3493| 39.37| 44.4| 4536] 4512 4484] €57] 568  95.4] 107.2
_E 7] 2523| 33.46] 39.33| 44.4] 4536) 4382 4364, 63| 85 32| 105
_r a| 2ass5| 3292) ss.78| 41.4] 4288] 4112] 4074 625  54]  s13] 1036
_3 9| 2441| 31.93] 37.82] 401 4226 4102] 41.14] 617 84] 918 1036
i 10| 248| 2284| 37.62] 38.1] 3835 3702 38.34| 535 361 51 928
| 11]  7.62] 9.89] 1046] 15 13.16; 1883 17.45] 20.7| 7.2 32 33
i 12| 81| 939 996 118 1256] 13563] 1416 17.4] 239 287 3165
i 13) 681 939 996 116 1265 1373| 1386 17.1] 24| 294] 3105
4 6.99] 9590 1015 12| 1288| 1353) 1386| 17.4] 267] 293] 3245
U} 5] o] 11.49] 126] 142 1455 1693) 1696 208] 27.3] 304] 3ads
Total 202.01| 259.4] 311.4] 347.3] 35666 372.8| 378.3| 5223 "}'L-G; 795.8 8822
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Table C74: Local Current of Individusl Section for Indreasing Applied Voltage

3mm (dia)

Parﬁcle Size = Initial Bed Height = 12.0 om Flowrate = 10.&Litf min
Teﬁ‘uperature =22 C Voidage = 0.35
44—V © L TOA G = P
{m V) '
_ 50 100; 150 200 250 300 350 4007 450 00 50
_g 1 10.51( 13.38 152 17.5| 19.761 2133} 24.76| 27.7| 37.57| 4867 5607
_; 2 975 12.43 15 5.4} 1286} 21231 2476 27.48] 3577 48.47| &5H.87
_0 ' 3 9.75] 11.831 145 159 1876 1973! 23.66] 263 367! 4647 6387
_[E) 4 9.51] 12.23] 145{ 159 17.96| 18.73| 2275 254 3567 46.17; &3.57
1 5 5.51 12.23] 145 159y 1756 1573, 22088 55! 3567 4617} 53457
qS 6] 3239 AAIU.SB 44.65] 43.5| &0.24) 50.9) 63.84] 759! 1003 123.44] 157.9%
_.E 7] 31N | 32.85] 44.61 4360 50.24. 49.6; 62641 732} 53.68| 126.24| 16673
M-I]- 8| 3063[ 39.32| 44060 453! 4774 4591 5d74| 728! 57.65; 12484] 15435
_3 9i 3J019| 37.33 431 4431 A7.14! 46.5] 60.14! 71.5{ 97.68 124.84] 15438
1 10/ 2892 36.62 429 4231 43.24 4281 57.34| 627, 58.73; 114.04] 14358
| 11 859 11.53] 424 171 1566 1623! 15.86| 225 3067: 3957, 4787
§ 12 g.41) 11.33] 122 142; 1526] 1623] 18.28| 225 30.67] 39957 4737
i i3 841 11.33] 1122 140 1535, 16.43; 18.56| 222¢ 3087 39.97. 46.77
| \f 14 7 791 10.83 11.7 13.5] 1488 1553 18.96) 2156 31.27| 3557 4717
L 18| 11.51] 1463 15663 1671 1215 20.03} 23.46| 26.4, 34.87; 4237 5097
Total 247.3] 313.2] 3572! 3862 A11.2] 421.2] 524.2| £10.2] 333.2| 1056.2 12?5.2
159
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Particle Size = 3mm (dia) initial Bed Height = 12.0 em

Temperature = 23 C

Table C75: Local Current of individusi Section far Ingereasing Applied Vuoltage

Fiowrate =11.4 Lit/ min

Voidage

4 v o L T A —b
(m V)

3 50/ 106) 150 200| 250 300 400 550
_i 1) 11.32{ 1488 17| 19.64] 21.72| 2267 23.54] 232 £6.57
_; 2| 10.36| 13.93] 16.8| 18.54] 2072 2257| 2354) 28 56.37
|0 3| 1036] 13.33| 163 1o.04] 2052 2107 2244] 258 54.37
_EE) 4| 1012} 1373| 163 18.04| 1572) 2007 21.54] 259 54.07
| 5| 1042] 1373] 16.3| 18.04] 1972) 2007) 21.64] 26 54.07
|8 6| 33.03| 4453 soo0s| 55.36| se4s| £45| 5743 784 158.13
_5 7| 31.95| 4306 50.01] s636| seas| 53.2) s553] 73.4 155.92
_T‘ 8| 3127 4252| 1044 5008 r2ss! ros| sacal 73 154 58
43 5| 3083| 41.63] 485 5106 51.16 £50.4| 6343] 721 154.58
| 10} 29.55| 40.82| 4B8.3| 45.06) 4C.48] 464 H063; 689 143.78
i 11| 85| 1273] 1398 15.94| 17.02| 1727 18.34| 227 48.07
§ 12| 8.72| 1253] 13.7[ 16.04] 1672 17.27} 18.34) 227 471.57
i 13| 8.72| 12.53) 13.7| 15.84] 1584 1747] 1804] 224 46.97
in 14| 8.24] 12.33] 132 1564) 1655) 1657 17.34) 217 47.37
| 15| 10.84] 14.63| 16.3] 13.24] 1865 1557 25.9 50.27
Total 264.34| 3468 399.8] 439.8| A45.8]  450[479.11] 613.8] 1282.8
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Table G76: Locatl Current of Individua! Section for Incressing Applied Voitage

Particle-Size = 3Jmm (dia) Initial Bed Height = 12.0 cm Flowrate = 12.7 Litf min
femperature =20 C Voidage = 0.8
4¢————v o L T A G E >
(m V) |
50| 100| 150] 200{ 250f 300 350] 400] 450| 500] 580
j 1) 1163| 1565 1833] 21.6| 2316} 2766| 33.83] 36.73] 40.23] 2.5/ 61.13
_; 2| 1092 147] 1813] 205| 2238] o7.56| 3353) 3553) 3v.03]  523| 60.93
|0 3] 1092} 141} 17.63 20 2216 26.05] 32.73| 34.33] 37.93] 50.3| $58.93
_2 4| 1063] 145 17.63 20| 21.36] 2606, 31.33| 33.43{ 37.53 50| £8.63
1 5| 10.68] 14.5| 17.63 20| 21.35! 2505| 31.53{ 33.53] 37.93 50| 58.63
S 6| 36.17] 4851 56.27| 64.1| 62954] 75.34) 59.22| 107.1] 108.4] 1427 177.32
_5 7| 3509| 47.04] 5623 641! 62.94| 7404] SB02| 1044 1058 14C.5| 175.12
_TI'- 8| 3441 465| 5568 608 6044] 71.34] 9512 104] 105.3] 135.1] 173.72
_g 9] 3397 4551 5472 £9.2) 58.84| 71.24; 95.52| 103.1] 1053 1391 173.72
| 10| 327 4438| 5452) 67.8| 5594| 67.24] 92.72| 99.92| 106.9] 128.3| 162.92
| 1) 10.06] 14.4)- w5.8d]” 15| 19.26] 22.56] 29.23] s0.3] 28] as| maza
i 12|  988| 1358 1563 15.6] 18.96] 2206 25.23| 30.83] 33.23; 441 85273
| 13| 982! 139] 1563] 15.4| 1906 23.06] 25.93| 30.53| 2343, 445 5213
i 14] 10.08| 141 1583] 18.3| 19.26! 2286] 2593 30.53) 34.53] 44.4] 53.23|
| 15] 1108| 15| 17.43] 193] 1956 2456 30.93] 33.03 35.::3' 44.8] 5453
Total 278.2| 376.3) 447.12] 5053 09 eoe..sE 792| 846.9| §96.7, 1166.7| 1426.9
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Particle Size = 3mm (dis)

Initial Bed Height = 1206 em

Table G77: Local Current of Individuat Section for Increasing Applied Voltage

Flowrate = 14.6Litf min

Temperature = 25 C Vaidage =0.3
4——__— L' T A }
(m V)

50 100 150 200 250 30D | 356 400] 456 500 &50

_2 11 11.64} 16.92 211 2313} 2766 32.2) 3806 4377 5257 65.5 80.2

_L 2y 1088} 1697 208} 2203; 2656 3231.1| 33.06| 4357 81.77 657 g0

__0 37 1088 1537 203 21531 15658 3061 365.56] 42.37| HO.GT 653.7 73

_2 4| 1064 15.7? 203| 21.63] 2586] 29.6] 36.08] 41 .l17 057 63.4 77.7

1 & 10.64 1-5.'7.7 2037 21.53; 506l 23.8) 3661 4157 LO.6D 63.4 77.7

i s 6| 35.11| 52.69| 66.05 69.32| 20.04] S2.6]11524| 135.4] 1585 155.4] 2527

_E 7] 3403 54.22| 66.01] 8232 80.04] ©21.2;114.04] 1357 1585 183.2] 2505

i T 8| 33.35] 50.681 6546 ReN2 "T.Eui‘ 23.8) 111,14 1353 1859] 151.8] 2491

_3 9! 3291 49.69 645/ KL0O2 75.511‘ 33.5 111.54; 1344 15:'_’-.9i 191.8] 2451

- 10 31.64| 4898 64.3] 63.02] 73.04, B45!103.74] 131.2] 1457 181] 238.3

i 11 1012} 15.47; 18.6] 23.13| 238 F7.5) 33.56| 38.57 Aé.ﬂ? 7.6 72.4

i 12| 994| 1527 12.4] 2023] 2355 275] 33.56| 38.97 JS_OF% 57.6 71.9

i 13 9841 1527 18.4; 2003} 2366 27.7| 33.26| 3B.67| 4527 53 7.3

L\ 14 . 1014 15.47] 18.6] 2043 23.86) 275) 33.26| 38467 47.37 67.9 7?'.:4

| 15) -11.14] 16371 202| 21.43{ 2456] 292! 3526| 41.17! 43.27 58.3 73.7
Total 273| 4108 523.22; 5477 640 7291 91490 1024 1275 15647 1995(
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Particle Size

= 3mm (dia)

Initia! Bed Height = 150 em

Temperature = 28 G

Table C78: Loca! Current of individuai Secticn for Increasing Appiied Voitage

Fiowrate = 5.8 Lit/ min

Voidage = 0.75

4____. v L T A 3 E _P
(mr V)

_ a0 100 180 Z00 pail] | 3090 ! 350 400 I 450! 500 E5Q
_g k | 6.44] 11.45] 14.03] 16.97! 2183| 256.B7| 29.96] 36.07| 23.07 50.3 61.6
_: 2 c.44| 105] 43.83] 1537| 2073 2H77) 20.56] 35871 365 501 61.4
_0 3 5.68 9.9] 13.33] 15.37! 2053, 24327 I3 | 3:1."3ii 3277 43.1 59.4
_2 4 5.44 .10.3 13.33| 1537 19.731 23.27] 2796 33.77] 3&77 47.8 59.1
i 5 5.44] .1()..3 13.33] 1537: 1973 23.27) 28.068! 32.87] 3577 47.8 65.1
i 8 6 22.71{ 39.211 46.57! 53.031 A3.892; 7568| 91.24 116; 107.3, 141.4] 186.7
. wg 71 21631 37.741 4653 53.08! 63920 7432 90.04] 113.3] 10671 139.2] 184.5
_1; a8 2095l 372 4598 4973 &1.47] 7168 87.14] 112.5] 1047; i37.6] 13931
1 3 ‘9 2051] 36.21] 4502 42.78] 60.82{ V163 87.54| 112| 1047 137.5] 1331
1 10| 17.34| 336| 4292 4488 5502 AL.68| S2.84| 106.9; 103 9i 1251 170.4
i 11 5821 109] 12.53| 17.57) 1883 207! 2636 3217; 22.07 42.9 54.7
| 12 564] 107 1233 14.97) 18.33] 2207 2636 32‘17! 32.07 42.9 542
i 13 564] 10.7] 12.33] 14.77] 1243 2277 2606; 18T '3";'.2? 43.3 653.6
Ly 14 584| 109 1253 4517 18483:1 2207 26.06] 31.87{ 33.37 43.2 547
|| 15| 6.84] 118! 14.13) 46.17( 15.33] 2377| 28.06] 34.37; 3427 43.6 &6
Total 162.36] 291.4]358.72] A407.5! 5[}‘0.?; 55271 7165 897.7 372":; 1141.3] 1481.6
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Table G79: Local Current of Individual Section For insreasing Applied Voltage

Particle- Size = 3Imm (dis) Initial Bed Height = 150 cm Flowrate =7.9 Lif min
Temperature = 2% C Viidage = 0.75

4—vVv © L T A G E —D
{m V) '
A0 1B 150 200 250 300 35060 400 450 500 550
_2 1 6711 9241 10.76] 429] 14825 1643] 16.36] 204 23 353, 3815
_:‘ 2 595, 8.291 10566 11.8] 1408 1633 16.36; 202 778 k1L 3795
_*D 3 5.95] 7.69] 10.06 11.3) 13.2%, 1483, 15.76 tay 287 33.1; 35956
_2 4 571 B.bB 10.06 114.3] 13.06| 13.83] 14.86] 1E.1 287 32.8| 35.65
| 5 5.71 3:39 10.06 143! 13.08! 1383 1496 18.2) 2687 32.2| 3565
'_2 6§ -17.09 2368 26820 3011 30541 31.22) 3214) 458 G:?.,B 79 815
|G 7| 16.01| 22.41| 2678 30.1] 3664) 2992 30.94] 439! 827 57.8 733
i 1; 8 15.33| 2167 26.23| 268| 2304 27221 2804 435 8§17 A5.4 7.5
| g 9; 1295 18.78) 23.37 23.9] 25541 2622} 2654 407] 598 64.5 76
i 40| . 9.62] 1597| 21.07{=..19.8| 1554 1512{ 21.64] 354 530 R3.7 652
4 11 529 7.89 ‘3'46 43) 11.45% 183 12460 157 2232 27| 3045
| 12 511 769 8.26 10.1| 1086 183 12.46] 157y 2212 27 29.95
] 13 A 511 769 826 99 10.86; 12.03] 12.16] - 15_Al 22.4 27.4 29_35 
1 \/ 14 ?-29 7.89 8.45 10.3] 11161 11.83] 12.16| 154} 235 278 30.457
L 15 ‘6.4 879 95 11.5] 11.86] 1363 14268 178! 2486 2770 31.75
Total 12827} 183.9] 219.1| 244.4] 255.1! 260.1| 2821| 386.1] 555 1] 6167 T15.2
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{Particle 'Si.ze

= 3mm (dia}

‘(Table C80: Loeal Current of individusi Section for

Initial] Bed Height = 50 om

Temperature = 33 C

tncreasing Applied Voliage

Flowraste = 8.7 Litf min

Yoidage = Q.75

4 v L T A E 3
(m Aj

50/ 100 150! 200 256 00|  350|  400) 4500 S00| E50

_ﬁ 1| 634] 938 1123] 133] 1589] 1723 1736 225 319 378 4072
_L 2|  sse| g.43] 1103 127 1509 1743 17.35) 223 307] 76l 40.52
|0 3| 558 7.83) 1053 12.2] 1485 1563 1626 21| 298| 366] 3862
HE 4| 534 823 10s3] 122| 1408 1463 1538 2062 258 s3] ;w22
| 5 6534] 823 1053 122 1408| 1453 1545 203 296 353 3822
|8 6| 2091 29.53] 3397 39| 39.96] 29.72| 39.44] 503 2172 90{ 101.8
f; 7| 19.83| 28.06| 3353 29! a5.35! 30.42| 3824 £7sl 796 578 995
j 8| 1945l 2752) 3338 87| 5746 sev2| 3834] E72 78.6]  86.4] 982
_3 9] 18.71| 26.52| 32.42] 347) 3686) 3ne2| 3574 563 736! 254|982
] 10| 19.4| 17.48] ;22| 327 3295 3162| 3294 s531] VSTl 756 274
| 11 622 8.49) 908 138 1175 15.43| 1606 193 ’wa' 306 31.6
i 12| 541| 798 ess| 104] 1146 1212 1278 165 ;z.;.i 27.3]  30.25
i 13| s5.41] 799 8Eel 102 1126 1233 12.48] 157] 7 27| 2065
1\ 14| 580 58| 875 104! 1146l 1213 1248 457] 238 278l 3075
L 15 770 1009| 112] 12.3] 1315] 1493| 1556 182] 255 29 33.05
Total 156.51| 213.5| 265.5 ﬂng, 2005 327.3| 3302 4768 Rsvsl 7503 367
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Table C81: Local Current of individual Secticn for Increasing Applied Voltage
Particle Size = 3Imm (dia) inifial Bed Height = 158 cm Flowrate = 10.56 Litf min

Temperature = 25 G Voidsge = 0.75

4—vVv o L T A G E >

: {mA)
- 50/ 100/ 450{ 200] 250! 200) 350{ 400 450] 500 550
_z 1] 801 10.88] 127 15| 17.25| 18.83] 2226| 252| 3547) A46.17| 5357
_; 2| 7.25/ 993 125 139| 1648| 12.73] 2236 25! 3427] 4597 53.37
10 31 725 933 12| 13.4] 1626 17.23] 21.18] 23.8] 33171 43.97| 51.37
HE 4/  7.01 9._?'3 12| 13.4; 1646 16.23] 2026| 2295 3347! 43.67] 5107
1 5 701 573 12| 13.4] 1546 16231 20.36 230 3317 43.67{ 5107
1S 6| 27.89| 35.83| 4015 44.1] 4574 454 E924) 714) 9573 123.94, 153.42
_5, 7| 2681] 3436) 2011] 4a1| 4574 51| s214] 63.7| sa18| 121.74] 15128
_T, 8 2613 35.32 3956: 408] 4324] 424) 5&824| 583| 8218 120.34] 149.88
_3 9| 2569| 3283] 336 398 4264 42.3| 5564] 67.4] 5315 120.34] 149.88
]| 10| 24.42| 32.42] 384|378 38.74] 30.3] 52.84] 64.2] 54.78| 105.54] 139.08
| 11| 609 03] 98] 148 1306 1273 17.35 20| 23471 A7.47] 4537
| 12| 591 583 97] 11.7] 1278! i373] 17.35 20| 2317 37.47| 44.87
| 13] 591 883] 97| 115 1238 13293 17.06] 197 :3371 37.47] 4427
i 14 &541] 833 92 11| 12.36] 13.03] 16.46 19 2‘&:.'?7l 37.07] 4467
L 15| 501| 1213) 13.48] 442| 15.86| 17.53] 2096] 244| 3237 3987 48.47
Total . 199.8! 265.7] 309.7] 3357 363.7| 737! 4767 5627 “f?i 1002.7| 1231.7
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Tahle CB2: Lacal Gurrent of Individual Section For Incressing Applied Visitage

Fiowrate = 11.4 Lit/ min

Particle Size = 3mm (dia} Initial Bed Height = 15.0 cm

Temperature = 2% © Voidage = .75

$————v o L T A G E b
fm V) .
;

50/ 100 80| 200! 2501  3GO|  350{ 400] 45Q] 500] 650

Eﬁ 1) 872 12.28] 14.4] 17.04] 1912 2007| c094| 256} o7l a67| 53.97
_; 2| 7.76] 11.33] 142] 15.94| 18.12] 19.97| 20.84| 25.4) 3467| 46.37| 5377
{0 3|  7.76{ 10.73| 13.7| 1544 17.52| 1547} 19.84] 247/ 33E7| 4437] 51.77
;2 4|  752| 1113 13.7| 15.44] 17.12] 17.47| 12.54] 23.3| 357 4407 51.47
| |  7s2 1113 137 16.44) 1742] 17.47] is0a] 234 saE7l sa07] s1.47
(S 6| s0.43| 4193 47.45] s276| s288| £l sasal 735l 97| 12588] 15565
~CE;_ 7| 29.35| 40.46| 47.41| 5276 s28s| soe| 63.33] 70.8 35.3! 123.68) 153.38
_T 8| 28.67| 39.92| 46.84| 49.46] 50381 47.9) 50.43] 70.4] ©53! 122235 151.98
_S 9| 2823 32.93] 455| 4246 4G856] 47.8) 50.83] 695 53| 12228 151.98
| 10| 2696 3822) 457 a6as| 4503] s30] sm03| se3| 954 11143 14113
i 11| 63] 1043 113 1634] 1a42| 1as7] 1574] 204l 2ar7| 3757|4547
K 12 §.12{ 5.93 ‘i1.1 13.44] 14.12; 14.67| 15.74| 20.1] 2827 37.57] 4497
| 13| 612 9.93] 11.1| 13.24| 1324] 1487| 1544 19.3| 2247] 37.57] 44.37
Ik 14| 564] 973] 106 12.94] 1235 13571 1474] 191 :en' 27.37| 4477}
| | 15| =24] 1203] 137 1564 1608] 17.37] 216 233} 31.47] 3907 47.67
Total 215.34| 307.8| 360.8] 400.81 410.8] 411]440.11] 6748} 797 &1 1020.8] 1243.8
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FL R

Temperature = 2 G

Table C83: Loeal Current of Individust Section for increasing Applied Voltags

Particie Size = 3mm (dia) Initiat Bed Height = 150 om

Yoidage = G

Flowrata = 2.7 Litf min

58.53

58.33

56.33

56.03

56.03

170.72

168.52

167.12

167 12

156.32

50.63

50.13

49.53

Y
]

50.63

X
~a

51.93

- 50| 1o0] 1500 2000 zmo| 300
[ﬁ 1| o8| 1308 1573 3] 20 55| 25,08
_L 2| 832 1241 1552 17.8] 1975l 2458
O 3] 832] 11.5| 1503] 174 19_5‘3L 23.45
_2 4|  808| 119 1503 17.4| 1376 2248
| 5/ 808 119 15.03] +7.4] 1375 2245
S 6! 29.57] 41.91) 4967 &TA| 5634 6374
df; 7| 2845| d0.44] s063 578 5534 6744
_T 8| 2781| 39.9] 4908 642 £5334] 6474
_I?I 9| 27.37| 38.91| 42.12] 53.2] 53.24] 6454
| 10| 261| 382| 4792 512 4934 6054
! 11| 74| 11s| 1323] 139] 1665 2026
| 120 7.23) 11.3] 1303 18| 1638! mozs
i 13| 7.28) 113| 1308 183 1645 w4s
Uftal 748] 115] 1323 162 "15_66; 20.25
|| 15| gag| 124] 1483 172 1738 2196
Total 2192 317.8| 389.12| 4152 50| 5473

1367.9
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{Table C34: Local Current of Individual Section for incraasing Appiied Valiage
Particle Size = 3mm (dia} initial Bed Height = 150 cm Flowrate = 14.5Lit/min
Temperature = 2§ © Yoidage =075
4 ———vVv 0 L T A G E P
(m V) -

_ 50| 100; 1500 2007 2500 3000 350] 400) 450 £00 550
_ﬁ 1 678 1075 13.43] 167| 1828 2276] 2o.93) 3023 35.33: 47.6; 5623
_L 2 602 8| 13.23] 156] 17.46] 2066| 2853 2063 34.131 47.4] 5603
o a| e02| 92| 1273 181 17280 21.16| 27.83] 29.43| 3303 d454] 5403
_2 4] 573] 96| 12737 151| 16.46] 2016| 2693| 20.53] 33.03] 451 5373
| 5| 6578 96| 1273] 151! 1646 20.16] 27.03' 28.63| 33.03] 451| 5373
1S 6] 24.27| 35.61| 44.37| 522 5t04] 63.44] 87.32] 9522 3662 130.8] 165.42
,_E 7] 2319 3514 4433] 622| 5104, §2.14] 86.12| 92.52 9492% 138.6| 163.22
_.': 8| 2251 346| 43.78] 429 4354] 5544 932210 9212 5352 127.2] 161.82
_g 9| 2207| 3361 4282| 475 4754 59.34] 8362 91.22] 53.52| 127.2] 161.82
] 10] 208 329| 4262 455 4404] 5534] 5032 §502| 85.02) 116.4] 151.02
| ‘11| 518 52| 1083 166l 1438 17ss| 2433 2653] 2332 92| 483
| 12| 493\ - 9l 1073] 137 1406 1796 2433] 2653 23.33] 3m2| 4783
i 13| 498 9| 10.73] 13.5] 1416 13.16] 24.03| 2563 2353] 39.6| 4723
N 14| 518| 92 '1.0.93 13.9 '14.35‘ 17.95 24.03| 25.53] 75.63 395 48.33
- 15| 6.18| 10.1| 1253) 149 15_05! 1566 26.031 2813 2053 399| 49.63
Totat 169.7] 2653 338.62| 397.3] 400.5| 4503 6835| 738.4 73:325 1052.2! 1318.4
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APPENDIX - D

CALCULATED DATA




!

Table D1 : Overall Limiting Current and Mass Transfer Coefficient For Particle Size = 1
mm at Different Initial Bed Height
Initial Bed Height (cm)
9 12 15
Flow Rate i Kav x i, Kav x i Kav x ir - Kav x 10°.
Liter/min | mamp | 10°mvs | mamp | 10°m/s | mamp | 10°m/s | mamp | m/s
5.8 227.55 1.31 243.18 14 -] 30398 | 1.75 272.71 157
79 243.18 1.4 269.24 | ~1.55 371.72 2.14 319.61 1.34
8.9 264.02 1.52 300.5 1.73 397.77 2.29 349.14 2.01 Q
105 |37 | 176 3393 | 198 |46031 | 265 |40993 | 236
11.4 330.03 1.9 383.88 221 491.57 2.83 441.2 2.54
12.7 382.14 2.2 444.67 2.56 517.63 2.98 477.68 275
14.6 442.94 2.55 474.2 273 555.84 3.2 514.15 2.9
163 416.88 24 449.88 2.59 531.52 3.06 595.05 2.85
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Table D2 : Overall Limiting Current and Mass Transfer Coeffi

cient For Particle Size = 2

mm at Different Initial Bed Height
Initial Bed Height (cm)
6 9 12 15
Flow Rate iL Kav x i Kav x i Kav x i Kav x 10°

Liter/min | mamp | 10°m/s | mamp | 10°m/s | m. amp | 10°m/s | mamp | s
5.8 350.87 2.02 368.24 2.12 429.04 2.47 | 390.83 2,25
7.9 399,51 2.3 430.78 248 496.78 2.86 458.57 2.64
8.9 422.09 243 463.78 2.67 547.16 3.15 505.47 291
10.5 458.57 2.64 526.31 3.03 604.48 348 571.47 329
114 481.15 2.77 34716 3.15 642.69 37 602,74 3.47
12.7 51415 | 296 576.68 332 675.69 3.89 637 .48 3.67
14.6 333.26 307 588.84 339 706.96 407 665.27 3.83
16.3 512.42 2.95 362.79 324 689.59 397 647.9 373
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Table D3 : Overall Limiting Current and Mass Transfer Coefficient For Particle Size = 3

mm at Different Initral Bed Height
Initial Bed Height (om)
6 9 12 15
Flow Rate iL Kav x i Kav x L, Kav x i | Kavx 10°
Liter/min | mamp | 10°m/s | mamp | 10°m/s | mamp | 10°m/s | m.amp m/s

3.8 420.35 2.42 437.72 2.52 498.52 2.87 460,31 2.65

1.9 468.99 2.7 500.26 2.88 566.26 3.26 528.05 3.04

89 149157 2.83 533.26 3.07 616.64 3.55 574.95 3.31

10.5 528.05 3.04 595.79 343 673.96 3.88 640.95 3.69

11.4 350.63 317 [ 616.64 3.55 712.17 4.10 672.22 3.87

12.7 583.63 336 646.16 372 745.17 4.29 706.96 4.07

14.6 620.11 3.57 675.69 3.89 79381 | 457 752.12 433

163 634.01 3.65 684.38 3.94 811.18 4.67 769.49 4.43
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Table D4 : Sherwoed Number and Reynolds Number For Particle Size = 1 mm at Different
Initial Bed Height

Initial Bed Height (cm)

6 9 12 15

Flow Rate Re Sh*10? Re Sh*10? Re Sh*10° Re Sh*]1?
Liter/min .

5.8 273.4 60.38 182.23 64.53 136.67 80.66 109.34 72.36

7.9 371.20 64.53 247.47 71.44 185.60 98.63 143.48 84.81

3.9 416.76 70.06 277.84 79.74 208.38 105.54 166.7 92.64
105 | 492.69 81.19 328.46 91.26 246.34 122.14 197.08 108.77

11.4 533.18 §71.57 35546 | 101.86 | 266.59 130.43 213.27 117.07

12.7 597.30 | 10140 | 39820 | 117.99 208.65 137.35 | 23892 126.75

14.6 685.04 i17.53 456.69 | 12582 {34252 147.49 | 2724.02 136.42

16.3 762.65 110.61' 508.44 119.37 | 381.33 141.03 " | 305.06 131.36
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Table D5 : Sherwood Number and Reynolds Number For Particle Size = 2 mm at Different
Initial Bed Height |

Initial Bed Height (cm)

6 9 12 15

FlowRate | Re | Sh*10* | Re | Sh*16> | Re |  Sh*10? Re Sh*1¢?
Liter/min :

5.8 546.68 93.1 364.45 97.71 27334 113.84 | 218.67 103.70

7.9 74241 | 10601 49494 | 11430 |371.20 131.82 | 296.96 121.68

8.9 83352 1 112.00 | 55568 | 123.06 | 416.76 14513 | 33341 134.12
10.5 98538 1 12168 65692 | 139.65 | 492.69 160.39 1 394.15 151.63

114 10664 | 127.67 | 71091 | 145.18 | 533.18 170.53 | 426.55 159.93

12.7 11946 | 13642 | 796.40 | 153.02 | 597.30 179.29 1 477.84 169.15

14.6 1370.1 | 14149 | 91339 | 156.24 | 685.04 187.58 154803 176.52

163 15253 | 13596 | 1016.9 | 149.33 | 762.65 18298 | 610.12 171.91
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Table D6 : Sherwood Number and Reynolds Number For Particle Size = 3 mm at Different

Initial Bed Height
Initial Bed Height (cm)
9 12 15
FlowRate | Re | Sh*10° | Re | Sh*10 | Re Sh*10? Re Sh*10°
Liter/min :
5.8 8002 | 11154 | 54668 | 11615 | 41001 | 13228 | 32801 | 12214
7.9 1113.6 | 12444 | 74241 | 13274 |556.81 | 15025 | 44544 | 14011
8.9 12503 | 13043 |833.52 | 14149 | 62514 | 16362 |500.11 | 152.56
105 |14781 | 1401 98538 | 15809 |739.03 | 178.83 59123 | 170.07
114 15996 | 146.10 | 10664 | 16362 79978 | 18897 [639.82 | 17837
12.7 1791.9 | 154.86 | 11946 | 17145 |895.95 | 19772 | 71676 | 187.58
146 20551 | 16454 | 13701 | 17929 [ 10276 | 21063 82205 | 199.57
163 22880 | 16823 15253 | 18159 |11440 | 21524 191519 | 204.18
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