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ABSTRACT

The present work has been undertaken to study mass transfer rate in a vertical paralIel plate

cell using copper electrode and acidified (sulfuric acid) copper sulphate solution. It has

been aimedto study thenatureof depositionduringcopper electrofollIling.

The mass transfer rates under different hydrodynamic conditions within the celI 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 liUmin

to 16.3 liUmin and initial bed height was taken to be 6 cm, 9 cm 12 cm and 15 cm. Glass

beads of three different diameters 1 mm, 2 mm, and 3 mm were used to investigate the
effectof particlesizeonmass transfer rate.

Results were obtained for wide range of flow rates of the electrolyte and overalI mass

transfer correlations were obtained for the celIo The flow rate, initial bed height and bed

voidage for maximum mass transfer were found out. The results were correlated and
comparedwiththe relevantcorrelationfound in the literature.

An extensive literature survey of the basic principles governing the theory behind different

electrochemicalprocesses and electrochemicalmass transferhas been done in this study.
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CHAPTER-I.

1. INTRODUCTION

Eletrodeposition of metal from solution during procesS!llike electrowinning, electrorefining,

electroplating and electroforming are industrially important. Electroplating is performed by

deposition 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

leavean eleclroform.
.

The above cathodic processes should be operated at high current densities. But this might

sometimes produce poor and uneven deposit because the rate of mass transfer is not

uniform through out the electrode. In electrochemical reactors, where one of the reactions is.

fast, the study of mass transfer is very important. M ass transfer study is especially very

important 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 important

industriallyin processes mentionedabove.

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

deposits, because if the rate of mass transfer is not unifoffil 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

andcontrolledforced convectioncangiverise to better anduniform rates of deposition.

In order to improve the performance of an electrolytic cell, one can either raise the limiting

current density or increase the specific electrode area. Agitation is 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 nonconducting solid particles are fluidized

have received limited attention. Quantitative analysis of mass transfer behavior and the

optimumconditionsfor operationhavenot been studiedthoroughly.

In the present 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-CUS04 system has been used. Since the cathodic reaction for the

chosen system is mass transfer controlled, the use of sectioned cathodes enables the current

dismbutionandflowdevelopmentto be studiedby the limitingcurrenttechnique.

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 facts 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 heigh~

to Shl9Y the effect of flow rate and bed voidage on the mass transfer. Although in t~
.? -- '~I



present system, dilute solutions have been preferred to keep the limiting currents small and

to cause slow dissolution of the anode, the experimental results gathered can be adequately

used for industrialprocesses.

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

havebeen made between the present study and the previous relevantworks.
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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 plate electrochemical reactors have been studied. /. Work/

done by the previous researchers in the relevant 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

8C'
U -' +'&

where,

(2.1 )

U = velocity

Di = diffusion coefficient of species i

Cj = concentration of species i.

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

8"C
= D, 8/ (2.2)

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

" 4
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mass transfer cases. His solution was

Sh = Kd,
D

. ( )111
= 1.85 Re Sc d; (2.3)

Where,

Sh = Sherwood number

Re = Reynolds number
Sc = 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

where,

Sh = 1.467 (Rese d;i (7 + ri
y = aspect ratio, b/a

a = width of the electrode
b = distance between the electrodes

(2.4)

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

( de)~Sh = 1.85 Re Sc L

5

(2.5)
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1 (de)Sh = 2.54 Re1 Scom L

In 1982, Ali [1 J has correlated his experimental data for a rectangular duct, as

(
d ) 0.22

Sh = 1.21 Re049 Scj ;

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

2.2.2 Mass Transfer In Turbulent Flow

(2.6)

(2.7)

The most useful empirical expression available for mass transfer in turbulent flow is the

Chilton and Colburn analogy. Chilton and Colburn [9J presented an empirical heat transfer
relations~ip as

where,

2
J. = St. (Pr)1 = 0.023 Re-02 (2.8)

Sth = Stanton number for heat transfer

Pr = Prandt! number

Jh = Colburn J factor for heat transfer

The right hand side of equation (2.8) is equal to half the friction factor (1) defined as f =
0.046 Re-02, and this leads to a general relationship for mass transfer as

Of,

St(Sc)J = f = 0.023 Re-02

2

6
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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

104 < Re < 5 x 104 and 1 < Sc < 1000.

I'. '

1
Sh = 0.063 R/92 SC1 (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 Flow 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

problem with relevant boundary conditions as :

I

Sh = Kde = .2- (Re Sc de)"i
D J7i L

(2.11 )

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

(2.12)

Pickett and Stanmore [27) obtained an empirical equation

7



Sh = 0.145 06 !(de)~Re'ScI L (2.13)

which is appropriate for parallel plate with L/de < 7.5.

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

,
•
•,
,,

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

superimposed external flow field and its direction deviates from that of the external flow.

The particles, 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 ou(;wards in the centre and illFwards 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 occur in regions where there

is an adverse pressure difference.

Krall and Sparrow (201 investigated the heat transfer in the separated, reattached and

redeveloped regions in a circular pipe by passing flow through orifices varying from 114 to

2/3 of the pipe diameter. They found that the position of the maximum heat transfer

coefficient is independent 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
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.::Iposition of 1.25 to 2.25 diameter downstream from the point of entry. In recent times,

Runchal [36J, Wilson [50J, and Wragg, Tagg and Patrick [52J 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 [20J. They found the value of mass transfer co-efficient for fully

developed turbulent flow to be in agreement with the Dittus Boelter equation.

Their correlation is :

(2.14 )

2.3 MAIN FEA TURES OF FL UIDlZA nON SYSTEM

2.3.1 Conditions for Fluidization

When a fluid is passed through a bed of solid particles, initially the particles do not mo~C' But as the

velocity is gradually increased the pressure drop across the bed counter balances the forpe of gravity on

the particles or the weight of the bed. With a further increase in fluid velocity the particles become

separated enoughto move about in the bed and fluidizationbegins.
I

2.3.2 Particulate And Aggregate Liquid Fluidization

If 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 Umf.

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 O(



will pass through 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 vertically upwards through a bed of solid particles, the pressure drop,

&, will initially rise as the velocity, U, is increased as shown by the AB region in Fig.~i.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 wil.1 increase

and in an idealised system, the pressure drop will remain constant as shown by the CD

region of Fig. 2.2.

Log &

c

Log U

D

Fig. 2.2 : Pressure drop-velocity curve.

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

10



the superficial velocity at this point is known as the minimum fluidising velocity, Umf. As the

fluid velocity is further increased, the pressure 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 variation of

t1uidizing velocity with voidage is on a logarithmic plot since it gives a linear relationship.

This can be expressed as

U / U, = E:' (2.15)

where U is the t1uidisation velocity and Ui is the fluidization velocity at the voidage (I':) of

unity.

The exponent, n, is a function of the ratio of particle diameter to bed diameter (dpfDJ and

Reynolds number Ret (= Ut dp Ptill) , 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 Uj and n by Richardson and Zaki (34].

For fluidisation relation between Ui and terminal settling velocity is :

log U, I dp
= og U, -

De
(2.16)

n = 4.65 + 20 d p

D,
(Re, < 0.2) (2.17)

II = 4.4 + 18 d p R .003 (0.2 < Re, < 1)e,
D,

n 4.4 + 18 dp R .01 (1 < Re, < 200)e,
D,

11

(2.18)

(2.19)



n = 4.4 + Re;ol

n = 2.4

(200 < Ret < 500)

(Ret > 500)

(2.20)

(2.21)

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

flnidized 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, U2
mtlg dp, as a criterion. From their experimental results they suggested, for

Frmr >? 1, aggregate behavior will be observed. For Frmf « 1, particulate behavior will

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

2.4 MASS TRANSFER IN A FL UIDIZED BED ELECTRODE

2.4.1 Mass Transfer Correlation For Fluidized 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 = constanttScC Reb (2.22)

where the Stanton No. St (= KIU) is a mass transport coefficient, the Schmidt No. Sc (= vm)

describes the transport characteristics of the fluid and the Reynolds number Re (= Udpi'v)

describes the pattern of fluid flow. Much of the early work on fluidised beds was correlated

by means of the particle diameter dp, 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 series of N hydraulic channels

and (N+l) columns of particles. For simplicity it is assumed that all 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) LJ d, = A (l - 6) (2.23)

Fig. 2.3: Model for fluidized bed.

13



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 LJ d. = A.o (2.24)

where dh is the hydraulic diameter. Elimination Lf from equation (2.23) and (2.24) .

. (2.25)

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

large.

(
1 - .o)

dp = -.o- d.

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

(2.26)

(2.27)

where U0 is the actual velocity of fluid within the voids. This is related to the superficial

velocity U by :

They by substitution;

(2.28)

U dp
v(1 - .o)

(2.29)

Defining Stanton Number in terms of superficial velocity as :

StI =
K.o
U

14
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Hence the modified dimensionless correlation becomes:

St, = Constant (Sc)C (Rel (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, Ap as;

dh = (2.32)

where kc is a constant. But a~ the volume of voids i8 giVCllby VlI= Vbs, where Vb is the total

volume of the bed. The ~urfacel volume ratio of the solid spherical particles is 6/dp, it may

be written as :

, ,
d = K, <lp

h 6
( li )-l~ (2.33)

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

2.5 REVIEW OF PREVIOUS WORKS ON MASS TRANSFER IN FLUIDIZED BEDS

,

Krishna 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 (O.OIM) with excess of "~Jdifferent electrolyte (O.5N sodium hydroxide).~ __-::-".
. .
...__J 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:.~»

(2.34)

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

channel and they suggested the correlation as :

(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.,fdp;:: 80:1.

They found the maximum value of limiting current density at a voidage S' = 0.59. With their
experimental results; they suggested the correlation to be

2

St I (Sc)3 = 1.24 Reio57 (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 porosities 0.90 to 0.45 and

Schmidt numbers 580 to 2100. Thedeveloped fluidization mass transfer coefficient for 41 <

DJdp < 105 were:

JDe = 0.274 ReiOJ8

and by JDe = 0.455 Reio.,

/orl0 < Rei < 1600

for 16.7 < D,l d, < 27.

(2.37)

(2.38)

50 < Rei < 3500

The distinct effect of DJdp ratio is attributed to the wall effects and non particulate behavior

of the fluidized bed for large size particles.

Coeuret and Goff [11] reviewed the problem of mass transfer in an immersed cylindrical

surface and the liquid in a fluidized bed of,,-::nonconducting spherical particles. Their

electrolyte solution consisted of equimolar solution (0.005 M) of Potassium ferrocianide and

ferricyallide with excess of indifferent electrolyte (0.5 NaOH). Their data exhibited a

maximum mass transfer coefficient (K) at a voidage of 0.55 < e < 0.6. They found the

correlation to be :

JD = 1.20 Re/52 (2.39)

Walker and Wragg [48] performed electrochemical < ";experiments involving the cathodic

deposition of copper from aqueous solutions containing H2S04 in a :rectangular channel.
16



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 :

JDE: = 0.138 ReiD39 for 0.936 < 1?eI < 67

They also found maximum mass transfer rate to occur at a voidage of 0.7 - 0.75.

17
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TABLE 2.1

Comparison of mass transfer correlations according to:

~ bSt,. SC1 = a ReI

Author(s) a b D.,Idp System ReI Sc Particle
size (mm)

Smith and 0.32 0.38 41-105 Cylindrical 0.7 -1067 580- -
King wall mass 2100

r ' ' transfer.
0.54 0.44 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 Inner anode 200. 1300 1.54-6.00
u and Venkata of annular 3800

Rao bed
Coeuretet al. l.20 0.52 93-290 Various 6-200 1250 0.35 -1.07

< cylindrical
probes

Carbiwand 1.24 0.57 80.150 Cylindrical 0.1-70 787 - 0.185-
d:alt' 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 4.8 wall mass 1473- 1300- 6.0
U transfer 5300 1760

2015. 1100-
5934 1760

18



Zaman Khan Piroz, M alinen P. and Lepomaki H. [51] 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 important role in the particle motion and in the

transport of Cu ++ ions. TheYworked on a vertical rectangular cell. The relative velocities

between particles and Cu ++ will lead to collision between them. The change in velocity of a

fine particle after a collision increases probability of collisions between Cu ++ ions. Since the

eu ++ 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 Takemara H.. [43] worked on electrochemical cell for electroplating and-

obtained same type of V-I curve. They also observed the presence of a monolayer of the

anode and obtained the following empirical correlation.

where,

• • 112 If' i(u)Cr(O,t) =Cr -(nFACr Dr ) -. 1/2 du
(t-u)

Cr *= Bulk concentrationof the electrolyte
Dr = Diffusioncoefficient

n =Numberof electroninvolved

A = Electrode area
i(u)= Electron current at timeu.

(2.41)

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

by Cr */Cr(O,t) to eliminatediffusionlimitation.

Tsao, 1.1. 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 coefficientandmaximumvoidagewas about 0.8.

In an earlier report Sedahmed et al. [37] studied lltG dIce! of liquid velocity
19
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fransfer. The mass transfer data was correlated by the equation,

J=0187(ReFrro2;

According to Cavatora and Bohm

(2.42)

(2.43) .

where a 1 and n are functions of geometry of transfer surface and range of experimental

conditions.

0'5Kohnogroffs correlatedms result as St Sc

where,

a 2= 0.1 for heat transfer

a2 = 0.035 for mass transfer

St = Stanton mnnber

Sc = Schemidt mnnber

Re = Reynolds number

Fr = Froudenumber

..= a 2(Re Fr) .0.25 (2.44)

Zaki, M.M., Nirdosh I. and Sedahmed, G.H. [53) correlated their results as St SCO.5 = 0.095
(Re Fr) 0272

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

cmve shows similarity with that of present study.

Rao, K.R., [31) obtained.:.<

Sh = K L ad 2m
Sc = (1Ji pD)

KL = mass transfer coefficient (m1s)

d = unit length parameter (m)

20



/

a = interfacial area of contact between phases,

D = liquid diffusivity, (m 2/sec)

11 = liquid viscosity, (Kgls.m)

p = liquid density,(KgIm3)
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CHAPTER-3

3. EQUIPMENTANDEXPERIMENTALPROCEDURE

3.1 INTRODUCTION
/

'The passes of soluti~n of salts of such metals as zinc, iron, nickel, cadmiunj, 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 vertical parallel plate cell having copper

electrodes in fluidized conditions. Different size of glass beads were used for fluidization.

0.015 M copper sulphate in 1.5 M sOulphuric acid as the electrolyte. According 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

different 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 consisted 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 electrolyte 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~ve main

units of the cell with detailed dimensions. Figure 3.4 is 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 26A cm x 5.5 cm. Both the anode and

cathode sides had the dimensions of 38.3 cm x 26A 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.Z cm thickness). Thus the total effective cross-sectional flow area of

the cell was20 cm x 2 cm (= 40 cm2
). The anode (Figure 3.2) was a piece of 3.2 mm thick

copper plate (30.8 cm x 20 cm) glued with ara[dite 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 cathode (Figure 3.3) was 30.8 cm 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 (in[et) 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 Ara[dite 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. E[ectrica[ connections to each c~thode 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.
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The 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 Araldite was applied to all the side to
make the cell completely leak proof.

The inlet and outlet portions (Figure 3.t) 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 cm 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 em 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 electrdchemical cell a
I

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 E1ectronidioren

. Werke . Kaiser pump (220 V, 2.15 A, 0.25 KWand 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

28
/C.....





I

I R rl
0 \ IT. J , J

I A \ ii 1\1 I
I E

\
[

I 1 .

I T
C E

\
I

E I R r
L I
L I Z,

I
I I_~_i
r I•I
I

I
i
I

Heat
Extha-
ger

G
A
S

Cold Water in

Wau:rout

N
I
T
R
o
G
E
N

c
y
L
r
N
o
E.
R

Bypass -I
I

*!
Drain

Stornge Tank

Figure: 3.6- Flow Diagram of the System

30



calibration curve for each rotameter for 0.015 M copper sulphate in 1.5 M sulphuric acid

are presented in Appendix B. The flow through the cell was adjusted by using the flow

bypass and the two way Pyrex Yo" 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

degree, after ~utftcient petiod of (jlll~. Two two-way control valves were used to control the

flow direction as necessaty. Dry nitrogen gas was used to deoxygenate the solution before

each 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. aml"eter (Weston

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

digital multimeter.

Toggle switches of current rating lOA 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 tum.

o
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3.2.4 Expel"imentlll Procedure

The concentration of clOpper sulphate solutions used in the experiments were approximately

0.015 M in 1.5 M sulphuric acid. Analytical grade anhydrous copper sulphate (CLiS04) was

dissolved in distilled water and sulphuric acid to make the electrolyte solution (0.015 M

CUS04 in 1.5 M H2S04 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 and 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

electrode 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 that for each particle size, four initial bed heights, such as 6.0 em, 9.0 em

and 12.0 em and 15.0 em 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 mAlcm2is needed due to the reduction of oxygen at
33



the cathode.

After deoxygenating the electrolyte, the pump 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/cm2) for about 15-20 minutes to get an even deposit of

copper at the cathode. This was done by applying a small voltage across the cell from the

power supply.

To inv"estigate the limiting current at a given flow rate the applied voltage was set to a

definite value with the help 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

repeated 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
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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. RESUL IS ANDDISCUSSION

4.1 INTRODUCTION

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 controlled, 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

electrolytewas 0.015M copper sulphatein 1.5M sulphuricacid

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 iiters/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 of2 mm dia and 324 to 2286 for particle of3 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

variation 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 with Reynolds number and the correlation for

the cumulative average mass transfer coefficient with distance from leading edge was
/

obtained for diff"'GlJ! partides. The overall lIlass transfer correlation was obtained using

different parameters'snch as flow rates, distance from the leading edge of the electrode

(LIDe) and aspect ratio.
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4.2 REPRESENTATION AND ANALYSIS OF RESULTS

The individual CUtTenton different sections of the cathode was measured at different flow

rates by a progressive step increase in applied voltage of 50 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 fi'om the limiting current

condition, because operational limiting CUtTentimplies the maximum mass transfer. By

repeating a number of mns, 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 CUtTentagainst 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 cun"ent and hence the current density at the

cathode increases with the increase in the cathodic overpotentiai. The concentration of Cu ++

ions statts 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 is why the currents showed an increasing tendency in this region.

In the middle 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.



Figure 4.1: Current Vs. Applied Voltage for Individual Section
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After this region, the current increased rapidly. ill this region the evolution of H2 starts with

excessiveloss of current.The reactionis as follows:

= 2H---~' H2

This can be compared with the result obtained by Fukunaka Y., Doi H., alid Kondo, Y.

[13]. They observed that for 0.05 M CUS04 solution the concentration of Cu++ at the

cathode was about 0.24 M/dm3 at 43 mY. But this value decreases with increasing cathodic

overpotential. At about 150 mV the concentration reached the value of about zero and the

inflectionpointwas about 155mV.

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 mY. 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. illcreased ;

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 4eposits are able to catalyze the formation of

gas at lower potential giving rise to early current plateaus. With very high flow rates the

particle becomes so dispersed that the fluidization effect tends to decrease the limiting

currentand themass transferrate.
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From figure 4.1, it is clear that the limiting current plateau on all the segments starts and

ends at the same potential. It can also be observed that the variation of current in some

sections e.g. sections 11.14 and section 2 and 3 are more or less similar. This is because

these sectionsoccupyhydrodynamicallysimilarpositionsin the cell.

In figure 4.1, it is seen that the sections 6,7,8,9,10 have higher value of limiting current.

These sections have area four times larger than that of any other section of the cathode.

Larger area permits more eu ++ ions to be deposited. Hence these sections exhibit higher

limitingcmrent.

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 iL,-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
,

Patrie (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 taken 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 current 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 is caused by the turbulence generated by the sudden decrease

inflowchannelareaat the exitof the cell.

40



Figure 4.2: Total Current Vs. Applied Voltage for Different Electrolytic Flow Rate
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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 up to 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 situation decreases the mass

transfer rate.

4.2.2 CWTent 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 stun of

individual sectional currents equal to the tolalmeasured curreni. Moreover, from the current

voltage curve, it can be seen that the limiting conditions starts at the sallie time for all the

scdions 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 highest 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

CUITent 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 acceleratingvelocitygradients in the exitsections 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
distributionof the eu ++ ions.

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
alwaysunifonn. But that at the entranceand exitsections are not unifonn.

4.2.3 Mass Transfer Coefficient Along The Length Of The Electrode.

Variations in the individual mass transfer coefficient over the sections can, of course, be

obtained by the plots of the current distribution along the length of the electrode as shown in

tigure 4.3. It shows slight enhancement of mass transfer at the inlet 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

eddy 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
unifonn and flowis fullydevelopedthroughoutthe cell.

In their study, Gendron and Ettel (14) obtained the highest mass transfer coefficient at the

leading edge of the electrode and this then decreased after first fifteen centimeters. But an

almost unifonn 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 em) is constant and there is a slight increase in

mass transfer coefficientat 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

unifonnitywas irrespectiveof the distancefrom 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 cav) has been plotted against LID e

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 increases llt the exit sections due to

exiteffect

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

IJDe z 10.0 by the equationof the form

Kcav a (IJDe) .0.2

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

Pickett and Ong [26]upto IJDe z12.5 as,
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K (UD) .02
cava. e.

The exponent on the LfDe term was obtained by Vanshaw et al. [4~] as .0.3 for the

turhulent flow. M. S. Ali [1] found the value of the exponent 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

impaits increased agitation and thereby ensures better mixing. Up to LID e = 1 the variation/;:

of mass transfercoefficientis less due to entranceeffects.

4.2.5 Variation Of Mass Transfer Coefficient With Superficial Electrolyte Velocity

-
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

Figure 4.5 and 4.6 shows the. variation of mass transfer coefficient with superficial

electrolyte velocity for different particle sizes 1 mm and 2 mm respectively. From this

), figure it 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 becanse with increase in the

electrolyte velocity, the velocity of the fluidized particles 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 agitationaleffect..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 em/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 em/sec. Gomes E.

compared his result with that of Walker and Wragg [48] and Coeuret and Goff [11]. He
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Figure 4.5 Relationship Between Superficial Electrolyte Velocity and Mass
Transfer Coefficient at 'Different Bed Height for Particle of 1 mm
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Figure 4.6 Relationship Between Superficial Electrolyte Velocity and Mass
Transfer Coefficient at Different Bed Height for Particle of 2 mm
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require higher superficial velocity. Present study also supports the results of the workers
mentioned 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 becall~e at

very high velocities the fluidizing parlidee; be~o]J]e so dispersed that the fluidizing effect

,(arts (0 disappear and the two effects super.impose each other. As a result mass transfer

coefficient decreases. Walker and Wragg [48J studied the aspect of fluidized bed

. electrochemical reactor and they found the maximum value of mass transfer coefficient, k,

-lit superficial velocity u = 1.3 cm/s for particle sizes of 0.275 to 0.548 mm. Coeuret F. and

Goff L. [11] also found the maximum value of k at superficial velocity u = 4.8 cm/s for

particle sizes of 0.6 to 2.0 mm. Gomes E. [15] obtained the maximum value of k at

superficialvelocityu = 13.5.15.5 cmls 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 Maximummass transfer Particle size (mm)
velocityu (cm/s)

Walker and Wragg [48] 1.3 0.275.0.548

Coeuret F. and GoffL [II] 4.8 0.6.2.0
I
Gomes E. [15] 13.5.15.5 3.0.6.0

Present Study Around 6.0 1.0.2.0
3.0I.. Above 6.8
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4.2.6 Effect Of Particle SizeOn Mass Transfer Coefficient:

Figure 4.7 shows the effect of particle size on mass transfer coefficient. M ass transfer

coefficient is smallest for the 1 mm particle and it increases with the increase in)he)size of
/

the particle. The increase of particle size is due to the bubble formation in the~uidized bed

for the larger particles. fu this study three different sizes of particles (1 mm, 2 mm and 3

mm) are used and Froude numbers, Fr (=U2mf I gd), are calculated fOf three particle sizes

are, 0.18, 0.25 and 0.33 respectively. As mentioned earlier, Wilhelm and Kwauk [49]
f

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. fu 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 he.avier 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 liquid passes through the cell without proper

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

coefficient.

51



+'m
OJ
N
'r!
[fl

OJ
rl
()
.r!+,.
H
m
P..

Ul
>-
+'s::
OJ
.r!
()
.r!
'H(H
OJ
o
U

H
OJ
'H
{})

s::
(1)
H
E-<

{})OJ
Ul+'
(1) (1)£:0:::

;
I
I
I,
,,
.\
\
\
\

~ I'm• \ CO tf- CO (J\
\ . . . ,
\ 0 b 0 0
\ I

OJ
bD
m
'd
'r! \0>-

. \ I. I

o
"

52

o
"

OJ
N
.r!
[fl

OJ
rl
()
'r!
+'Hm
P..

'.



4.2.7 Variation Of the Mass Transfer Coefficient 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 em, 9.0 em, 12.0

em and 15.0 em are used. M ass transfer coefficient increases with the increase of initial bed

height because uniform agitation can be obtained with the increase in bed height. Moreover

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 up to the bed height

of 12 em. 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 decreases because

the total cell volume remains constant. So the displacement of electrolyte to the electrode

does not get enoughfree space for movementand the overallmass transferdecreases.

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 coetftcient 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 e =

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 1., 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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Figure 4.9: Mass Transfer Coefficient Vs. Initial Bed Height
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3.5

Figure 4.10: Mass Transfer Coefficient Vs. Voidage for 1 rnrn(dia)Particle



Figure 4.11 Mass Transfer Coefficient Vs. Voidage for 2 mm (dia) Particle
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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 0.82 for particles 4.5 mm and

6.0 mm diameter.

Smith and King [39] from their experimental results concluded that the vallie of voidage at

whichthe maximmnmass transfer occurs increases with the increase inparticle size.

This impliesthat the present study is in quite agreementwith the above mentionedauthor.

4.2.9 Overall Mass Transfer Corrfdation:

From tlgure 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 diameterparticles respectively.

The followingrelationscan be obtained:

Sh= aRe 0.3 where a = 0.10 f-;lf-

Sh= aRe 0.5 where a = 0.12 f-if-1 .

Sh= aRe 0.4 where a = 0.17 c;l f-

For 1 mm diameterparticle

For 2 mm diameterparticle

For 3 mm diameterparticle

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 alongthe lengthof the electrode can be obtained.
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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 rnm (dia)Particle
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It is apparent that for particles of 1 mm diameter the value of the exponent on Reynolds

number is 0.8 that indicates the value of the exponent during axial flow. In the case of

smaller particles the contribution on mass transfer is the same as that without any particle.

A s 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 particles. In the previous discussion it

has been shown that the mass transfer rate is 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

followingempiricalcorrelationis obtained:

a = 0.14 (d pe)b e/e Where b = 10 d plDe

dp = particle diameter,mm

De = equivalentdiameter,mm

ei = voidage before fluidization

e = voidage after fluidization

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

'a' also increases with the increase in diameter because the product of particle diameter, dp

and bed voidage, e increases. The exponent, b on (d pe) also increases.

From the above discussion the followingrelationcan be drawn:

Sh = 0.14.(d pg)b gIg (Re) C

Where

c= 0.8 For 1 mm diameterparticle

c= 0.5 For 2 mm diameterparticle

c= 0.4 For 3 mm diameterparticle
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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

conclusionmay be drawn :.

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

is reach on the v.l curve.

(b) In the limiting current region the concentration gradient III the electrolytic cell IS

constant at themaximumvalue

(c) TIle mass transfer rate in a parallelplate electrolyticcell is constant in its mid part.

(d) 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.

(e) For a specific fluidized velocity and for specific fluidized particle the mass transfer

rate increases withincrease in initialbed height upto a certainlimit.

. (f) For a ~pecjfic electrolyte velOCIty a specific initial bed height the mass transfer rate

increases with increase in particle size. I ':
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(g) For a specific particle and specitlc now rate the mass transfer Increases with

increase in bed heightupto a certainlimit.

(h) For a specitlc particle and specitlc electrolyte flow rate the mass transfer increases

with increasein voidageupto a certainlimitand it is highestfor a voidage of O.8.

(i) The Sherwood number increases with increase in Reynolds number for a specitlc

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 withincrease in particle size.

G) The relationbetween Sherwood Number andReynolds Number is , as follows:

Sh = 0.14 (d pE)b E/E (Re) ", c = 0.8 For 1 rnrnDiameterParticle

Sh = 0.14 (d pE)b E/E (Re) ", c = 0.5 For 2 rnrnDiameterParticle

Sh = 0.14 (d pE)b E/E (Re) c, C= 0.4 For 3 rnrnDiameterParticle
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CHAPTER-6

6. SUGGESTIONS FOR FURTIIER WORK:

1. 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

electrolyteflow cells.

2. For electroforming and electroplating, wide range of electrolyte concentration should

be used for the observation of the effect of electrolyte concentration on cathodic

deposition.

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

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

electroplating.

4. 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 electroformingshould be investigated.

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

particleshape aud size on themass trausfer coefficient.

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

investigatethe effect of cell size on themass trausfer coefficient.
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CHAPTER-7

7. NOMENCLATURE

CB Bulk Concentration, gmmole/em3

Cs Surface Concentration, gmmole/cm3

D Diffusivityof The Ions, cm'1s

D. EquivalentDiameter

dp Particle Diameter

F Faraday (= 96500 Coulombs)

Frmf Fronde Number At MinimumFluidizationVelocity

Ll.G Free Energy Change

Ll.G 0 Standard Free Energy Change

I Amount Of Current Passed

I Current Density, amp/m"

IL LimitingCurrent Density, amp/m"

1
0

Exchange Current Density, amp/m""

JD Mass Transfer J-factor
K OverallMass Transfer Coefficient, m1sec

Klav Local AverageMass Transfer Coefficient,m/sec

kc.v Cumulative AverageMass Transfer Coefficient,m/sec

L LengthAt The Electrode,

n. ActivationOverpotential,Volts

l1e CumulativeOverpotential,Volts

P r Prandtl Number

Re Reynolds Number

Rei Modified Reynolds Number

Sc Sclunidt Number

hh



Sh Sherwood Number

St Stanton Number

Sll Modified Stanton Number

T Absolute Temperature, oK

Time of Passage of Current, sec

U Superficial Elect rolyte Velocity

Umf Minimum Electrolyte Velocity

v Voltage Applied Voltage Across The Cell, Volts
y. Minimum Electrolyzing Voltagerom

z Number Of Electrons Involved In The Reaction

G Bed Voidage.

~L Viscosity Of The Solution, cp

v Kinematics Viscosity, cm ~

On Thickness Of The Diffusion Layer, cm
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APPENDIX-A

A. REVIEW OF ELECTROCHEMICAL PRINCIPLES

A.t 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.

A.2 BASIC ELECTROCHEMICAL FACTORS

A.2.t Faraday's Law of Electrolysis

Faraday expressed the two fonowinglaws

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

the quantityof electricitypassing through the electrolyticsolution

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

proportional to theirchemicalequivalentweights.

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 followingformulamay be drawn

where,

I =

i.e.•Mole produced (n) = UJzF

\
the amount of currentpassed, Ampere
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t =

z =

I,'

the time of passage of CllITeot,sec.

the number of ~I~c.tron<l'nvnl,,~.l "'1 til" H"""';""~.~. " ". _,!J _, .•• , .••..'•••• "'~/U

!k, (l!!~Faraday (= 96500 Coulombs).

Very otlen more than one reaction occurs at the electrode. In the deposition of metal, 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 poteotialswhich eosures only the desired reaction to take place.

A.2.2 Minimum Electrolyslng 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, Vmin, is related to the free energy change for a cell reaction

at a certain temperature and pressure under thermodynamic equilibrium and i~ can be written

as,

where,

fiG =zFV min (A.2)

fiG = the free eoergy change

z = the number of electrons required for either electrode reactions to produce 1

molecule of product.

F = the Faraday's Constant

The free energy change for an overallreaction
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aA+bB~cC+dD

can be Wlittenas

where, R = the universal gas constant

T = the absolute temperature

~G 0 = the standard free energy change

a, b, c and d are the stoichiometric coefficients of the reactants and the

products

aA, a B, a c, a D are the activities of the species involved.

(A.3)

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

standard minimumelectrolysing voltage and it can be written as :

MO =zFV::'" (AA)

where V;" is the standard minimum electrolysing voltage corresponding to unit activity of A,

B, C, andD.

Combining equations (A.2), (A.3) and (AA), minimumvoltage can be found as,

This leads to the Nemst equation:

V. =Vo - RTln[ Productoftheactivitiesofreducedspecies J
nun mJn zF Pro{juctionof the activities of oxidized species
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The minimum electrolysing voltage of an electrochemical cell is the difference between the

equilibrimnor reversibleanode (y ,) and cathode (y c) potentialswhich can be expressed as :

Vmin = Va-Vc (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 equalrates so that no net change occurs.

A.2.3 Reactions in Copper Deposition Systems

In the electrorefining processes, the copper deposition takes 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. A t the soluble anode, metal is oxidized
and dissolved as copper ions as follows:

V: =0.34V (A. 8)

where Va" is the standard equilibrium potential for the reaction at the anode when all 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 estimationthe standard equilibriumpotentialswillbe used

At the cathode the reduction of ion takes place to deposit copper,

(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, namelyhydrogen evolution,as
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v;=o.ov (A. 10)

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

occur because it willreduce the current efficiencyof copper deposition in the reactor.

A.3 PRACTICAL VOLTAGE REQUIREMENTS

A.3.t Operating Voltage

In actual operation of an electrochemical reactor, the cell operating voltage is larger than the

equilibrium value given by the N ernst equation and can be expressed by considering only

one reaction at each electrode as

. where,

v=v. -V, +Ln. +Ln, +V,

v = celloperatingvoltage

Ln, = combined activationoverpotentialfor both processes

Lne = combined concentrationoverpotentialfor both processes

V s = potentia I drop across the electrolyte.

(A.ll)

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, alteringthe 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
(A 12)

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)
as:

(AD)

where, i = cathodic current density

io = the exchange current density

a, = 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.D) which represents the reaction rate in the reverse direction can be ignored.

Consequently,

{
-aZF 11.}

i=io exp RT

Re31rangingin a more convenient foml we have,

RT RT
11 =--Ini - --Ini
, azF ' azF

(A.l4)

(A15a)

or, n, = a + b Jog i
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where RTandh=-2303--
azF

Equation (A.I5) is the "Tafel Equation" which relates overpotential to the net anodic 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

electrochemicalreactors.

.'\.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 iOlls from the bulk of the solution. Thh: is a,,:ociated with a li~e ill electrode

p()icHilal a2 glVGllby the Nernst equatioll (A .6) and is known as concentration overpotential.

'Ole llJOVement of ions is cOIltro!kdby tllJeeprocesses:

(a) Moleculardiffusion

(b) Reactant transported by macroscopic hydrodynanJicflow known as "convection".

(c) Movement of ions under the influenceof an electricfield called "ionic nJigration".

The effect of ionic migration is usually very small in practical electrochemical reactors,

including the copper deposition systems. A s the solutions contain excess of an indifferent

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

through the solution rather than the Cu+2 ions. Convection effected by stirring or flow helps

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

A relationsmpbetween current density and themass transfer coefficientcan be writtenas

(A. 16)

78



where,

K = mass transfer coefficient

CB = the bulk concentration of solution

Cs = smface concentration.

This expression is an alternative approach to that of N ernst and M errium's diffusion layer

theory for tlow systems. The molar tlux across the diffusion layer can be expressed by using

Fick's law of diffiJsionas

where,

D = diffi.Jsivityof the ions

0" = thickness of the diffiJsionlayer.

(A.I7)

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

reaction of the form

The value of concentration overpotentialis givenby

where,

V; = cathode potential during operation

Vc = equilibrimncathode potential

C s, C B = surface and bulk concentration of the reacting species.

(A.l8)

(A.I9)

The simplification made for the derivation of equation (A.I9) is based on the consideration

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

otherreactionsto occur.

A.3.4 Concept of Limiting CUlTent Density

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

density is reached, giving the largest concentration gradient and the highest diffusion rate.

This COllstant current density is referred to as the limiting cu~rent density. The limiting

current density may also be defined as the maximum operating current that can be generated

by a given electrochemical reaction, at a given reactant concentration, under well established

hydrodynamicconditionsor under steady states.

According to the del1nition of limiting current, Cs becomes negligibly small so that equation

(A16) becomes

(A20)

where,

IL = limitingcurrentdensity.

For a real process Cs 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

becomes

(A2Ia)

80



(A.2Ib)

Combining equations (A.I9) and (A.2Ib) the value of concentration overpotentia! is given

by

(A.22)

The effect of concentration overpotential in an electrochemical reactor can be reduced by

increasing the mass transfer rate (i.e., 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

in diJfusivities.

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

evaluation.

I (amp/m 2)

PotentialM

Fig.Al :TypicalPolarizationcurve.
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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 accurately

calculated from the experimentally obtained current plateau on a current density. potential
plot as shown inFigure2.1.

A.3.S Potential Drop In Solution

This added energy is caused by a change in solution conductivity 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

(A.23)

where,

S = distancebetweenthe electrode,m.

k = electrolyteconductivity,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 themigrationfluxof the reactingspecies.

A.4 Current Distribution In an Eledrodtemical Reactor

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
•
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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 polarized, 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

01' ionic migration aml concentration gradient and voltage drop within an electrode. These

cffcet~; arc very important for systems •.•here reactions are slow, reactions oCcur in a narrow

potential range, electrolyte conductivity is low and where the cell is operating much below

the limitingcurrent.
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APPENDIX - B 1

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 copper sulphate
withoutany appreciable error.

TABLEB.l

Solution Characteristicsfor 0.015M Cu SO

Temperature ( 0c) DiJfusivity Kinematics Sclunidt No. Sc =
D(cm 2/sec) x 10 6 Viscosity cm 2/sec DID.

21.5 6.15 1.035 1682.9

I 30.0 7.89 0.889 1126.9

40.0 9.50 0.718 754.0
L~.

The CellDimensions

Length of electrode (1)

Width of the electrodes (W)

Spacing between the electrodes (S)

Equivalentdiameter(De)

Aspect ra~o (s/w)

=0.3m

=0.2m.

= O.02m

= 0.03636m
= 0.1

.':.\•••
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Total Electrode area (L*w)
Cross sectional area for flow (L*w)

The Data for the Fluidized Bed .

=0.06 m 2

=0.004 m 2

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

particles = 2550 Kglm3

TABLEB.2

Static bed Voidage and Froude number for the glass particle.

Particle size, mm Density Ps, Kglm 3 Static bed Voidages Froude number

(60) (U2mtlgdp)

1 . 0.375 0.18

2 2550 0.40 0.25

3 . 0.42 0.33

Minimum fluidization velocity, U.•••f

o

has been calculated theoretically.
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APPENDIX - C

LOCAL CURRENT OF INDIVIDUAL SECTION FOR INCREASING APPLIED

VOLTAGE
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Table C3: local Current of Individual Sedion for increasing Appiied Voltage

Particle Size ; 1mm (dial Initial Bed Height = 6.0 em Flowf?le - 8.9 Lit/min

Temperature ; 29 C Voidilge = 0.9
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table C4: Local Current of Individual Section for Increasing Applied Voltage

Particle Size = 1mm (dial Initial Bed Height = 6.0 cm

Temperature = 29 C

Flowrate = 10.5 Uti min

Voidage = 0.9
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TableC5: Locsl Current of lndividusl :;jection for inGres-sing Applied voa:;.ge.

Particle Size = 101m (dia) Initi8i Bi~d Height :::: S.O em

Tempen.:jture .,-,j G
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Table eG: locsl Current of Individual Section for Increasing Applied Voltoge

Particle Size = 101m (dia) Initial Bed Height = 6.0 em Flowrote = 12.7 Litl min

Temperature = 2" C Voidage = 0."
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Table C7: Local Current ,)f Individu81 SeG~i;)n L,r :n,:,r2~~;-,ing.Applied \/,=dt::lI;I:':~

Particle Size = 1mm (dis) Initi~l Bed Height '::: G (J em

Temper;tLir~ ;:~ 2::j C
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Table C8: Local Current (If Individual Section f(.r JnGfe::~5ing Applied Volt3ge

Particle Size = 1mm (dia) Initial Bed Height = ~j.Oem

Temperature = 29 C

Flowr~t~= 5.8 Litl min
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Applied Voltege

Flowr8te = 7"9 Litl min

Temper~ture = ""9 C Void:='Qe = 0.85
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Table C10: Local Current of In'dividu31 Sec1i.)n f.or Incre3sing Applied V",ltsge

Particle Size = 1mm (dia) lnitlsl Bed Height = 2.0 em Flowrale = 3.9 Litl min

Temper3ture = 2r: G
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Table C11: Local Current of Individual Secti'On f'Or Increasing Applied Voltage

Particle Size = 1mm (dia) Initial Bed Height ~ &.0 cm Flowr.3te= 10.5 LiU min

Temperature ::: 2::1C
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I I ?2.36.1 i I17.3BJ 13.93. _ 'I 25.3 i 35.57, 46.27

16.56! 13.83 22361 2f,.1i 34371 46.07

16.3'31 17.331 21.26

1

1 239! 33.27! 44.07

1~ ~tR116 ')31 "'03B 23l 33.271 43.771......~~4 ..:...'---+ !

'I : I I ~ ') 1lE'.E,'3 16.33 20.461 23.11 .,.3_7, 43.77

1--- 'I '::9.7,.i i44.04\ d4J !:,7.64 -~_ ~)4.08i 122.241
Iii J

44.04 i 43.4 56.441 '371 92.431
, , '1 1 'I

41.~" ,,' I I.4 407 53.541 66.6! 91..{3,

: 1.0..611'3 r , 1':-. 7,1 9" )40.94: _ C' '~"I "C'., •."''' i
I I ! .i 1

37.0A! 3'3.6j 51.141 62.5) 92.~181 107.84
ii' 1 I

13.36: 1.'.031 17.661 20.31 23.47! 37.77

13.0fd "~.1.o3117.661 20.31 23.47] 37.77

13161 14.231 17.361 201 23.671
J .1 J ! I

133'31 14031 17.46! 201 29.771

iii '~~ ~_!lE•.66! 17.E.3i 20.96, 24.11 ,,,".:>/, 39.37

1 iii :
3E.7.6j 387.61 470.6, 5566i 7796i 10026j

L

I
"'.•...•rl

,a''''j

1351

.:42.41

4241

,
2001

i
15.11

141
i13.51

i
%.11

)
38.11

36.1 i
14.91,
121

r1U,!
d

j
14.21

332.61

o

10

10

150

12.3

v

12.61

12.11
I

12.11

12.11

10.2

38.41

37.36

36.91

. 3671

10.2
1

13~13

30361

9.431
. !
9831

9.831

10.03

34.13

32.66

7.35

3.11

7.11'

7.111

7.3E,

6.21 9.131

9.01 12.13

24.43 32.12

22.72 30.42

23.99 31.13

193.7 2596

6.21 9.13

. 6.411 9.33
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Table C12: Local Current of Individu81 Section for Increasing Applied Vo!i3ge

Particle Size = 101m (dia) Initi,,1 Bed Height = 9.0 em Flowr3te =11.4 Lit! min

Temperature = 29 C Void8ge = O.3E.

[~ v 0 L T A
(m V)

G

I~I,

15 7.64 11.43 - 13.1

10 -22~16 34.02. -41.5

7.36 11.43

6.52 10.33

550

45.37

53.87

51.87

51.57

51.57

45.37

44.77

45.37
1
.

47.071

12251

151.38

147.73

149.18

147.73

136.93

38.67
I

10021

38.37

38471

!
7791

30.871

23.5

-~~It.J~••..•

. j
6661

BB.21

65.3!

400 4E.0L 500

I IZ'.7 35.97 i 46.67

25.5 34.771 46.471

24.31 33.671 44.47
I :

23.41 33.67 i 44.17,
33671 4417\

53.71121.63
!

9c. ,I, 1194n_. f J •• 0

I I
91.11 118.08

I
91.11 113.08

I i
62.11 9221 10723

20.51 28671 37.97
, I, , '

20.!i I 23.67 i 37.97

~0,,1 '10 Co7!
.:... ..:...1 L.v.u r

2021 2997!

2v1
5-561

21.04

19.94

I
1614! ,,
16141

1E•.84!
I

15.84[
!

~11~ I

17.E.7i 19.04,
~7f,'1119.141

I
.47.71 50.33 (

4641 49.131

43.71 46231

43.6' 4663!

, I

2f,ol 3001i -
19.22i 20.17

18.22 J 20.07
r

13.021 18.E,7

I
17.22l

392 3:'12.21 -121.31

,
41.6S! 39.6 43.33

,
1..,.')')!' ••••.••• 1

I

4n .~01
u.':lvj

m6nl.QO. ,:;1
:

46.-181
j

44.361

1:•.49 16.77

! I
14C''''}! "'~JO-:.w•....) T,-. I I

I _ :
14.S2! 15.071

13.B4/1EI.27!

14.0E. lE •.071

,
I

1t'.t,41

1E•.Eu'l!

1f.541

49 f06!OJ •••• ,

I
43.E,~r

!
45.261

i44.26,

16.04

,
42.261

I
"7 '1". 41

1
13.341

13.641
!

14.04!
I

1504!
!

3S"'J I,

I
150

14.5

13.8

14.3

13.3

13.3

342

41.7

11.5

11.7

11.5

11.71

43.251

43.211

42.64
1

100

289

50

7.36 10.33

7.62 11.23

8.32 12.33

7.62 11.23

6.710.53

6.74 10.83

6.52 10.33

26.23 37.73

24.47 35.72

25.15 36.26

24.03 34.73
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Table C13: local Current of Individus! Section for Increasing Applied Volt.8ge

Particle Size = 1mm (dia) fniti3J Bed Height = 9.0 cm Fk,wr8te =. 12.7 Lit! min

Temper3turE ::::29 C:

I~ v a L T A
(0'1 V)

G E ~I
50 100 150

8.18 12 15.13

8.42 11.6 15.13

9.18 13.1~, 15.83

49.63

50.73

50.23

50.73

52.03

166.62

155.szI

1366.4

41.6

4161
!

421

:
1321

41.9

42.)

I

49.8 58.43

E.ool 5501

I I50i 53.63

47.8 56.43
,

A7.:t. 56.13

I47.5 56.13

135.61 170.22

1
133.41 168.02

!
1321 166.62

121.2

110'0.2

3E.o i 400 I 4E;O

i i
31.331 33.231 3773

! ! I
31.331 33.031 36e,]1-t-I •
30.231 31831 3543i

29.33 30.93! 35.431

1
3001

22.56

!2e.O!
!

20.661
!

193'01 25.06
I

18.66( 23.E16nnr.r
10.00 i 2:2.56

,
18.361

57

!
2001

19.11
!

131
:

17.t:11

f
17.51

1751

,
29.431 31.03! 35.431

~,f'341 68.24 92.121';00110131

!, I I
~,7i 55.34! 6'0941 90.92 97.32! 9972[

53.7 53.341 64.2) 33.021 9'O.92i 98.72i

52.71 52.741 64.14 83 .•d 96.021 9872i
I 1 : I

50.7 48.841 60.141 85.621 92.82j f19.B21

191 16761 20.361 2'O.73J 23.331 3073!

161! 164'01 20~673: 23.331 3073i

1 'I 1 I 115.91 1656 20.~,61 2'0.43, 28.03 30.93:

:il i, !
16.3 16.76[ 20.361 26.43 28.031 32.03!

! .-
17.31 174'01 22.0'0 23.431 30.53i 32.931

I. ! II
.445.31 44fL5j 5A6.3 731.!5! 78sAI 836.21

48.53

47.42

47.62

13.33

11.6 .13.33

11.4' 13.131

13.13111.4

11.6

39.4

38.41

3d

12.5 14.93

316.31386.62

,
8.18 12 15.13

8.42 12.2 15.63

7.58

25.6

7.38

7.33

8.58

29.07 41.41 49.17

27.31

27.99 39.94 49.13
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Table C14: Local Current oOfIndividual Section f(,r 'pere"sing Applied V(,It~ge

Particle Size = 1mm (dia) Init,al Bed Height = 9.0 em Flowr8te = 14.7 Litl min

Temperature = 29 G

I~-v a L T A
(m V)

G E --~ •. I
I

3.44 13.57 18.1 75.5

71.8

18

75.5

]E•.3

69.1

69.1

70.2

71.5

246.4

244.2

242.8

63.5

500

'33.7

61.2

61.5

55.8

55.4

56.1

55.1

136.9

185.5

i
4501

1222

f,077!

49571

43.471
I

43.471
I

43471 ,
152.2(

15061
f

1496!

400]

41571

4U71

10311

i
149.6!

i
150.7\

43.071u. !

. !
43.81!

i i
:1"rl 440~1...,D.' . i ! . I i

, i !
3'3.47, 45.171

!
33.971 46.07

i
3501

35.36

3" 06!•. u
,

34.76 40.17i
I i

33.861 39.271
I !

33.96 i 39.37!

33.06

31.06

861.4

27

27.4
1 i :

36.3 108.94! 132.1 i

351107.741129.41
I I

32.3 ~104.84 j 129!

i ! 1"10 1\82.21105.24[ ,,-v .• ,

I I :

73.21 102.441 1249 i

2531 31.36! 36771

2::'.3 31.361 3'3./7 i
j 1

25.f. 31.06

25.3

23.661

""01 "00......J+--u
'" 46

1
30••••.••1 • .L-

I
24661 29.9
T

2A.46! 28.4
i

23.661 27.4

73.741

~~ !,.j.74[

71241
!

70.641
i

66.74! ,
21661

I
21.361

21461
i

21.66j

22.361

59.72
f

53.721

56.721

20931
I

13.03!
!

17.831

13d-r
19.23j

I
494.21

13.6

13.1

13.1

- .
58!

I
16.4[

100

13.17

.13.17

. . I
13.57

50

8.68

3.44

3.63

9.44 14.72 18.8

8.94 14.17 18

1.14 13.01 162

23.31 46.39 59.15

21.73 44.92 59.11

21.05 44.33 59.16

25.34 42.63

1.92 1327

26.61 43.39

219.5 357.4 469.721

7.74 13.07 162
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4

1

3

2

1

3

9

13

10

11

14

12

15

5
.

6

G
A
T
H
o
D
E

S
E
G
T
I
o
N

I

ToOtal

99



Table C15: Local Current of Individual Section for Increasing Applied Ve,ihge

Particle Size = 1mm (dia) Initj~1Bed Height;:::: 12.0 em

Temper3ture = 2& C

Flowi!'lte :::5.3 Litl min

Void3g-e = .0.8

I~-v 0 L T .A
(m V)

G E J---~I

~ , , ,

~
550150 100 150 200 2501 ~I 3501 4001 4E,0

c
16.731

, ,
23.c,7! I i,

24.23! 38.77! 531A 1 9.14 14.15 19.671 32.661 40.T! 64.3,
T 18.571

!
38.571 39.f.7

I
2 9.14 13.2 16.53 23431 28.47 32.66 52.3 64.1

H ! i i :,
62.110 3 3.33 12.6 16.03' 18.07' "3 "Y'i 'lh 9"'" 31.56 37.37 [ 38.47 50.3,;.. . .:...:11 .:. _. I

0
22.431

i
E 4 8.14 13 16.03 18.07 25.97 30.66 36.471 33.47 50E.1 61.8

i ,
30.761 '"'6 fJ7 i !

5 8.14 13 16.03 18.07: "".I').In! '")f:: 97 38..c:fr 50.51 61.8..:....... .:..••.1. " ..
s 57.78!

I !
6 27.41 43.91 51.27 S8.62 I 80.38 95.94 120.7 'j-12 146.11 191.4

E ! T-
'4" 9157.731

,
C 7 26.33 42.44 51.23 t3~.6''1! 79.08 94.74 118 110.4 189.2o. .:..1 I .:l. 1

T
54.481

,
142.510 25.65 41.9 50.68 66121 76.38 91.84 117.6 '103.4 187.8

I v
.. ,

53.481 6Ed:12j
I
111:>71 14251, 0 9 25.21 40.91 49.72. 'Z~ 92.241 109.4 187.8

N ,
37.54147.621 49_f.sl 5£•.72! 70.331

i
129.8110 22.04 33.3 111.61 103.6 175.1

19571.
J

,
11 7.52 12.6 14.23 20.331 2~77 23.06 33.87 3~"77 4461 56.4••..••.1 .

16.671
,

44.61 55.9112 7.34 12.4 14.03 20031 23.77 28.06 33.87 33.77 .-
:7.341

,
14.031

! i I i ,, 3 .•..•f.':.7l '"J".{ C--' 4E.t 55.3[13 12.4 113.47 j 'on, "397' 27.761~ . ~: - . c:..1 j.' I~."VI
i ! 1 I

44.9/
,

. / 14 7.54 12.6 14.23 16.871_ 2033 L23 77 [ 27.761 33.E,7 i 35.07 56.41
!

!
21.0~1

, , ,
15 8.54 13.5 15.83 17.8"T! 25.47 29.76 36.07 35.97 4E.31 57.7

I [ , :
Total 207.&6 fi4r ') I ~-'3"I 762 918 1186.3 1527.1336.9 i 404.22 4531 '- ").'-1 00 .•... 343.2:~
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Table C16: Local Current of Individu~1 Secti,;,n for inc,essing Applied Voit3ge

Particle Size = 1mm (dial Initial Bed Heigh! = 12.0 em Flo .•.~"rste = 7.9 litlmin

Temperature = 29 C

I. ----_.

V 0 L T A G E
(rn 'I)........ .._~_-~~I

9.41 11.9A

8.65 10.39

8.41 10.79

85

31.7

70.9

87.2

83.6

'0 oJ=11G •••• '" I

AO.65

38.65

38.35

38.35

32.25

31.75

310151

32.2E.

33.55

766.2

35.5

37.8

35.8

75.7

73.5/
I

72.1 i
!

70.21

35.5

29.2

29.4
1

29.5

,
31.7 \,
~;., C i
.Jv.~ll

!
'1G A I•........•• :

i
7.~ 'I•.•••••• Ll- ,

i
294!

I
701

!
63.41 ,
67.41

!
~5.51

I
64.51

241
i

. 1
241 ,

24.21,
I

25.31

!
S10.1 i 679.2

23 ..1

21.71

r.O ni"'- .01
!

2091

22.9

49.6
,

49.21

52.31

I
46.41

4111
!

1~

1751
i

1721

1721

19.7

437.1

I
"c..':';6',..:7 ••.. I

19.561
1

13.461

17.561 ,
17661

37.841
I

36.641
!

33.741

16.06

32.24

27.341
I

14.261
!

14 ~r.1. .:..bi
. i

13.961
I

13.961

333.1

1
13.631

13.63!

13.831
i

.~ 631'• ..J. ,

I

1::,431
1~..,•..l'._<.t,. 1

24.82

.,-)9" i~ •••• "::1

30921

I i
17.::,6119.13'
!

16761 18.03, ,
16:"'6L:l.531

i I
1E,.7i:3i 1JS.f'3j

i '
1576! 16~

36~ 36.921

36.241 3E'.62

:33.7AI

31.241

~ ~ !L5.L41

I
12.96i

13.66

I
12.6'51

1276! ,
129";/

310.1

I
35.3i

!
3251

2961

,
141

I
141

i
35.3l

I

15s1
I

14.51

141

25.5

14.8

1191

1171

I12.1,

1331
i

29t5.1 !

12.761

13.26

12.76

32.48

32.52

12.76

31.93

10.26

11.7

270.11

29.07

.26:77

2.4.43

21.67

9.691

9.491

9.49

9.69

10.591

8.65 10.99

8.2

7.09

6.91

6.91

8.41 10.79

22.79 29.38

21.71 28.11

21.03 27.37
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Table C17: local Current of Individusl Section f,C'r InGressing Applied'leolloge

Particle Size = 1mm (dia) Initial Bed Height = 12.0 cm Flown~te=8.9 Lit! min

Tempersture = 29 G

I~ v o L T A,
(m V)

G E ~I

9.1 11.49

7.64 10.53

7.64 10.53

33,

550

92.8

105

40.52

107.2

103.6

103.6

31.65

I31.05

882.2

31

32

40.1,
I

39.91

379
1

37'31
!

37.61

83.2

95.4

91.8

91.3

28.7

29.1

293
1

30.41
I

795.8/

I
851

I
841

4501,,
3421

!
33!

I,,
31.9 f

i
3191

!
3191

36.€!

i
23".9i

or: .1 1,,-,,-'.' ,

241 ,

I,
400!

i
'.J481•.•. !

!

2/t6f
1

23.-4)

22.5)
I

22.61
,

'"';:' .••i':1.•..'. ! I

'33;
'"ry ~!':I~.l'ji,
61.7!

i
3501

I
19.66!

19.661

!
',1J; '16''-".... I

176'31

17.761
I

44.34i
i

43.641

40.74

, 1

250) 300i

I i
13.191 18.E,3,

i i
17.39i 18431

! i

17:191 ,~.,.931
, '

1639! 16931
1 i

16.3S! 16.931

453131 .",d
, !

4- -61 4" 3">1't'.J i ,::L 4.

j I

42.861 4'1.121

i
200]

1611
I

151
1

14.Elj
!

145 i,
i14.5,
!

4441 ,
i

44.4!
!

41.1 !
I

40.1 r

i
38.11

i
42.281 41.02 41.14

T ! I
38.36) 37.02! 33.341

I : ! i !

15i 13161 "3331 17461 20,1
i , ! I I

11.81 12.E'61 nE031 14161 17.41

I ~~6"lj 1 t I11.61 'L.'J 13.731 13.36[17.1

;J 12861 135J 1336/ il1! 2E.2i
I ! I I , .

I I Ii., .....?!14.21 14.58 16.33 16.96 20.6) .:./.wI

347.J 3%E,E,1 37~.81 37831 E'22.31 71E.,1

9.96

9.96'

12.6

I
1Ed

13.E.3!
I

13.331

12.83
!

12.331

12.331

J
39.371

1
39.331

38.78!

37.82

10.15

311.4

37.62

10.461

100

10.13

11.63

10.73
1

50

8.6-1

7.33

7.33

24.8 22.84

6.31 9.39

6.81 9.39

6.99 9.59

26.31 34.93

25.23 33.46

24.55 32.92

24.11 31.93

202.01 259.4
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Table CiS: locsl Current of Individual Section for Increasing Applied Voltsge

. Particle Size = imm (dia) Initial Bed Height = 12.0 em Flowr:?te := 10.:.LitJ min

Temperature :;:;2& G

v 0 L T A
(rn V)

G E ~I

8.59 11.E.3 12.4

9.51 12.23 14.5

30.63 33.32 44.06.

9.51 12.23: 14.5

E.3.87

53.57

I
550i

56.071

E05.87 I

47.371

47.87

46.77

47.17

50.97

53.571

I
157.981

1279.2

200 I 2E,(Ij - ?OO! 350 I~o! .1~IO 500 I
H.Ed 19.71>121.331 24.761 27.71 37.97 .13.1>71

1641 18961 2123! 24.761 27.51 36.77 43.47!
1- I I II I i

15.91 18.76!19731 23.6'> 26.3! 3567 46.471

15.9/ 17961 18.731 22.761 25.41 3E'.67 46.17
J i I I I i I

1" •.c,1 17c<,;1 ":-::":31"'1'1nc,l 'jrr:" 'J!='-'"7j 146171-.;:]1 ••. ,-,,_~~_.i ! ';"':".OD ':"~'-J,.J.!:::Ij! •.•.. ,

Ii! l~' j ! II

4S6: 5024[ E~~~63.841 1f'.9 1003! 12844
i ' I: 'I,"
,j I . .! I 155.70ul43.6j SO.24j 43.61 62.64i 73.2 98.881 126.24

4531 47.741 ';1".9 E.9.741 72.31 97.681124.841154.33

#.31 471:1 46.8: 60.14! 719' 97.681 124.841 154.331
Iii I I: I

423! 4324! 42.81 57341 68.71 98781 114.04! 143.58
! l j I f I

1711 1E.E,61 113231 19.861 22.51 30671 39.97

I. I I [ : I'
14.2 15.2>31 '18.231 19.8BJ 22.51 30.67! 39.97

I I I ' I' :
14II 1E•.313'.: 1"'.43 19.:'1311..-Y'? '1' ~.O"'7' 39.97. .. .:...:....... ,) .i..', I

13.5! 1~ll:,.E'31 189€! 21.51 31271 35.57,

1671 13.113i 20.03! 23.46! 26.6 34871 42.37
!, ! I !

386.2] 411.2[ 421.2, 524.21 +310.2j 8-33.2! 1056.2

150,

15.2
1

11.7

I15.63,

50 100

9.75 12.43 15

9.75 11.331 14.E,

8.41 11.33 12.2

8.41 11.331 12.2

7.91 10.33

10.51 13.33

32.39 40.33 44.65
1

31.31 33.36 44.61

30.19 37.33 43.1
I

23.92 36.62 42.9

247.3 313.2! 357.2

.11.51 14.63

1
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Table C19: Local Current of Individual Section for Increasing Applied V.olt8ge.

Particle Size = 1mm (dia) Initial Sed Height = 12.0 cm Flowr8!e =11.4 Litl min

Tempen~ture: = 2E1 C

I~ v o L T A
(m V)

G E

550

EtG.57i

56.37

54.37

54.07

47.57

46.97

47.37

54,07
I

158.18

155.931

154.58

154.53

500
,

49.171

tiS.97 I
i

46.97i

46.67

39,97

126.28

124.881

124.83

97.9

97.9

I
99 11~.081

::rJ.87 4u.17!
I

30.87 40.171

100.5

3S.17

4o~1 . ,if,O
,,~J-'0 -.•.v.•_I~f

i
28! 37.27

26.81 }6.17

73.4

22.41 31.07

21.71 3U7

350

23.541 ,
23.541

":.'4' I-_.~I

21541

"1 -41~~ I
57.13'

53.43
I

50.63!
1

18.34 !

18.34

18.04

17.341

50.S) 53.03

17.27 f

17.47!

2?:A)! 3001l..-.-.-.----t
! 1

?" ...•, I "1'1 ("7'•.• I. / .:.. _•.•...:...':1 I
I i, ,

20.12! 225'7 i
2052j;;' oj

l ]
1B_72~ 20.071

! l
19721 2007 [

I
55.481 5&.5

5" 40 I•.........•.. ' +

!:.1.181
!

.f8.~~lS_4
j i

17.021 17.27i

i
15.84i

.-.-!
15.~'C<J

200

19.641

,
55.361

i
52.06!

13.941
1

16.041

15.84

15.54

17

150

I
16.8

16.3

16.3

i
13.E,41
18.041

1804!
. !

16.3 18.04i
!

5t'.36!

48.3i
I

13.9/

13.7

13.7

13.2

49.44

!
50.05'

foO.01

.13.73

13.731
i

44.531

43061

8.24 12.33

8.72 12.53

8.9 12.73

50 100

8.72 12.53

11.32 14.33

10.36 13.93

10.3613.33

10.12

10.12

33.03

31.95

31.27 42.52

30.83 41.53

29.56 40.82

4

2

5

1

3

6

7

9

8

10

11

13

12

14
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C
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o
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Total

15 10.84 14.63

254.34 346.8

16.3

399.8

18.24

43981

i
1S.8~1i

448.31

19.97 24.21 2~._9 34.07
I ! i .

450j 479.111 613.31 836.8

41.371 50.27

1059.81 1232,8
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Table C20: Local Current of Individual Secti.)n for Increasing A.ppliedVoli8ge

Particle Size = 1mm (dia) Initial Bed Height = 12.0 cm Fiowr;~te ::: 12.7 LiU min

Tempersture ::::29 G VoidBge :::.:0.3

I ~ v o L T
(m V)

A G E

9 33.97 45.51 54.72

3 34.41, 46.5 55.63

61.13

60.93

54.f&3

53.23

1426.9!

52.3

44.5 52.13

44.1 ~.2.73'

139.1 173.72

139.11 173.72
I

128.31 162.92
I

44.1 53.23

34.531

35.131

i ~ ~i28.931 ,,0.5..l!
i I

3093! 33.03i

,
22.86/

I
~ . "Pol..:::4 .•..•u!

1
198'31

j

18.81
I

19.31

50~.81

150

17.63
I

17.631

17.631

56.271
I

~>6.23i

i
18.33/

18.d

I
15.83

15.63

100

44.8 .

14.1i
13.9

13.9 15.63

1411 15.331

151 17.43
I

376.8 4A7.12i

50

11.63 15.65

10.92 14.1

10.92 14.1

10.63 .14.51

10.63 14.5

36.11 48.~.1

35.09 47.04

9.83

10.06/

.32.7

2

1

4

3

5

7

6

10

278.2

12

11

13 9.83

14 .. 10.03

15 11.03
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Table C21: Local Current of Individusl Section for Increasing Applied Vo:t~ge

Particle Size = 1mm (dia) Initial Sed Height = .12.v em FIe.wrate = 14.6Litl min

Temperature = 2'3 C Void8ge ;:::0.8

.

I~ v 0 L T A
(rn V)

G .E

I

"I

9.94 15.27 13.4

80.2

I
550!

77.7

72.4

71.9

72.4

71.3

250.5

252.7

249.1 !
249.1

238.3131

57.9!

I58.31
!

1E.647 I

i

2001
!

23.131
I

22.03!

150

20.8

20.3

'100

15.37.

15.97

9,94 15.27 18.4

.273 410.9 523.22

11.64 16.92 21

10.64 15.77 20.3

10.33

10.331

10.64 15.77 20.3

35.11 52.69 66.05
I

34.03 51.221 66.01

32.91 49.69 64~5

33.35 50.68 65.46

31.64 43.93 . 64.3

10.12 15.47 13.6

11.14 16.37 20.2

10.14 15.47 13.6

3

1

2

5

6

7

8

9

11

10

12

13

15

14
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H
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E
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Total
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Table C22: Local Current of Individual Section for incre3smg Applied \/oltage

Particle Size = 101m (dis) initiai Bed Height. = '15.0 em Flowr.;:de := ~1.3Litl min

Tempersture ::::29 G Vcddsge = 0.75

I~ v 0 L T A
{n; \of)

G E

I
~I

!

, i

22.71 39.21 46.57 5308:,
21.63 37.74 46.53 53.08!

20.95 37.2 45.9S1

20.51 36.21 45-.021

I

6.84 11.S 14.13

162.36 291.41368.72

54;2

53.6

54.7

5('.0

616
1 ,

61.41

5941

159.1 ,
1

59.11

186.71

184.51
I

133.1 i
I

183.11,
170.41

54.71,,

1431.6

i
35771

I
~r "71
S...I.I \

35.771
!

10731

--
j j I

400 ! 4~,O! 500
i .----r- j

~60'; 3" 0-,1 '0 3'J . If •••.• , J. i
T j

3687! 50.11
i

48.11

4731

47.31

141.41

iii
~h~i ~o~: ~cOI
L:•.•I~_Jt-. ,1 t) I .,j;"l

: , I
7'1 ','':( i -7~,071 79.<:'-':::I,"- .'."-" ._'-.w. _ ",0+---.-"i 1, , I i20.73 i 26.771 29.96 3['.87!

~': t i
:'(1 '!:"'::d ')/, ')71 'in ",.., 1.1."',!.•••• ,-', •.• r ,--4.,,- I ':'_0.001 -~ ~

-r--- I I I

19.731 .33.271 27.96! 33771
i i ! !

19.73; 23.27j 28.061 33.37j

63.921 7G.6S! 91.241 1-161
i j , ! 1

()3.921 74.331 90.04 [ 113.31 '105.71
! i 1 i !

61.421.71.631 87.141 112.91 104.7L
1 Iii

60.;3~~E,8i 375~ 112! 1_0~J! 137.8/

<.. ' ," ..i r::~{"'''1 n~n41' 10rr' ,.- -J ".-"e AI~.~).I.J",-:;.;~I.?O e,L.CO tl.::Ji '.:.,3.~: 1'::'''_'.I

,- Ii ~; I I
i 0 76.36,! 17.17,!.', 3~1.0-1:,:18.63i 22. 7 _ __ .12.9,
i J , 1 ' I

13331 :;70l1 26361 32171 32071 42.91
! T i ! I

18.43! ?2.27! 26.061 31.871 32.27! 43.3
I ,I ! I 1

13.631 ~2.071 26.0Bj 31.87) 33.37! 43.21
! I I ! !

<9331 "" 771 C,C> 06 ". 371 -'4771 436•. I •...0. ...v., .....~. I.:J .•.. f •

, ! i , i 1
500.7 ( :593.71 716.51 897.7) 872.51 1.141.3(

49.7si
!

48.781

16.171
[

40' -', .81

i
42.92; ,
12.531

f
4&.88!,
17371

12.33' 14.971

14771
I

15.17!
12.33

12.531

10.3

10.3

10.7

10.7

10.9

1001 1501 2001

11.4f.I 14.031 1697!
.! .! :

.10.51 13.331 If..S7!

Ii9.9 13.331 1f'37!

I, 1'. "7113.33 _,~,
I '

13.331 15.371

50
6.44

5.44

5.44

5.82.

5.64

5.64

5.84

17.34

2

1

4

5

3

6

7

9
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Table C23: Local Current of Individual Section f(of Increasing Appli2d V,:dt8ge

Particle Size = 1mm (dia) Initi31 Bed Height = 1['.0 em F!OWf8te ~T.9 Litf min

Temper~ture ~ 2~ C

I~ v o l T
(m \')

A G E
[,.,

65.2

35.65

81.51
i,

79.31
77.9,

1
76

29.35

30.45\

29.95

!
t,OO!

~. -'1.);.} .0-

3E," 1 I
33"1,

i
32.81

27.6 30.45

g2:J 31~7,:1
J2t.1"":"1 71 ,

,
2>'3./)

,
'lFl -,)
.L .'.' I

I
2001

1291
i

11.81

i
113i

20,0: 2001 3501 400! _40'Oj
1436! 1643! 16.861 20"4L 291

.....-- i.

i ; i I
14.06, 1'3331 16"861 2CUI 2781r--r---l--'I
-~~"' 'An31 1r~61' l'l.j.':'-~.)i "f-4,(;- ;...1.1 I :;:il

1 j i ' I
11.3/ 13061 13ml 14.861 181,

, Ii! i '
11.31 13"06.l!383! 1496118 21 2G7i 32"3

301! 3OE'4! 31''''! 32.141 466
1

643! 701
30.1! 305~--;~~~ 30.94

1

1 4391 627! 6781,
, I' I:

28.Sl 28~'.22i ~o 04\ 43.51 l3i.~ 8S.4

239! 20'E.4i 2("221 ::E'414071 598) 64.E,
I I .-! , ,---- ,

1931 19:<"jj 1&121 21"'~ 3541 53.3! E,37[
I • r--..! j .! -- I'

131 11.'161 1-'.831 12.4B 1~,.71 22.i: 27
1 i I :

10."11 10.861 1"1.831 12.46 15.7 22.2( 27
i I ! -

10.96[12031 12.16 1541 224! 27.4
I • I J !

11.161 11.83j 12.161 15.4\ 23.E~!
-j--- I I I I

113"1. '1363/ 14261 1791 24.",1
2f&.1i 2~9.1( 282.11 386.11 E.59.'11

!
9"9j

1O"3J
i

11.E.l

2441 !
9.9,

3.45

3.26

8.26

8.46

26.78

26.231

'" "

23"37

21.071

219.1

100

7.39

7.69
I

7"69'

8.79

22"41

21.67

13.73

133.9

1[>0

I
9.2.\, 10.761

8.29110.56~
7:691 10.06

- . t3.091 10.06
" I
8.09)

I
23.631

6.4

5.95

5.95

50

6.71

5.71

5.71

5.11

5.29

5.29

-5.11

17.09

16.01

12.99

15.33

123.27

6

2

1

3

5
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Table C24: local Current of Individual Sectic-n for Increasing Applied Voltage

Particle Size = 1mm (dia) Initial Bed Heigh! = 1t•.0 em

Tempersture = ?9 C

Flowr3te ;;;:8.7 Litl min

Void8g€ ;;;:O.7E;

I~-v0 l T
(rn Ii)

A G E -~~I
!

."

.

1501
I i

3001 3501
!I 500 55050 100 2001 250 400 4Wi

C
17.361 3191

A 1 6.34 9.33 11.23 13.3 15.89 17.23 22.5 37.3 40.72

T 15.091
I .12 5.58 8.43 11.03 12.7 17.13 17.36 22.3 30.7 37.6 40.52

H i
0 3 5.58 7.83 10.53 12.2 14.39 15.63 16.26 21.1 29.6j 35.6 38.52
0

14.091 2d 29,,1E " 5.34 .'8.23 10.53 12.2 14.63 lE-.36, 35.3 38.22

5 5.34 8.23 10.53 12.2 14.09/ 14.63 15.46 2(J.31 29.6 35.3 38.22 .

T 1
S 6 20.91 29.53 33.97 391 39.961 39.72 39.44 60.3' 31.2 90 101.8
E

39iC 7 19.83 28.06 33.93 39.96 33.42 38.24 E.7.6 79.6, 87.8 99.6

T
I 8 19.15 27.52 33.38 3f•.7 37.46 35.72 35.34 57.2 78.6 86.4 98.2

0 18.71 26.53
1

7861 98.29 32.42 34.7 36.86 35.62 35.74 56.3 86.4
N

32.961 31.62 797110 19.4 17.44 32.22 32.71 32.94 53.1 75.6 87.4
I I T I I

11 6.22 8.49 9.06 13.61 11761 15.43, 16.06 19.3 25.8\ 30.6 31.6

161
i

12 5.41 7.99 8.56 10.4 11.16 12.13 12.76 22.:,j 27.3 30.25

13 5.41 7.99 8.t06 10.2 11.261 12.33 12.46 .15.7 22.7 27.1 29.65

11461

,
8.75!

I
14 .5.59 8.19 10.6 12.13 12.461 15.7 23.S 27.9 30.75

1
259115 7.7 10.09 11.2 12.8 13.16 14.93 15.56 19.2 29 33.05

To tal 156.51 213.9 265.9 301.8 320.05 327.3 332.8 476.8 869.8 750.3 836.7
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Table C25: Local Current of Individual Section f.)r Incressing Applied Voltage

Particle Size = 1mm (dia) Initial Bed Height = 15.0 em

Temperature = 2B G

Ffowrste = 10.5 LiU min

Voidsge = O.7f,

I~ V 0 L T i., G E ~I
(rn ,"..)

I ,
3001

! I

50 100 150 2001 2E,ol 3501 400 450 500 550

C
17.26! 18.83A 1 . 8.01 10.33 12.7 15 22.26 2~1.2 35.47 46.17 53.57

T I
2 7.25 9.93 12.5 13.9 16.46' 18.73 22.26 25 34.27 45.97 53.37

H
0 3 7.2£. 9~33 12 13.4 16.26 17.23 21.16 23.81 33.17 43.97 51.37

0 !
15.461

I

E 4 7.01 9.73 12 13.4 16.23 20.26 22.9' 33.17 43.67 51.07

5 7.01 9.73 12 13.4 15.46 16.23 20.36 23 33171 43.67 51.07
!

S 6 27.89 35.83 40.15 44.1 45.74 46.4 59.34 71.4 95.781 123.94 153.43
E
C 7 26.81 34.36 40.11 44.1 4:1.74 45.1 58.14 68.7 94.18 121.74 151.28

T 43.241 120.341
I

8 26.13 33.82 39.56 .40.3 42.4 55.24 68.3 93.18 149.88

0 9 25.69 32.83 38.6 39.8 42.64 42.3 55.64 67.4 93.18, 120.34 149.88
N

33.3
1

• 52.84
i

•
10 24.42 32.12 38.4 37.8 33.74! 64.2 84.23i 109.54 139.08

I '1
11 6.09 9.03 9.9 14.6 13.06! 1373 17.36 20 2S.'17! 37.47 45.37

12 5.91 8.83 9.7 11.7 12.76 13.73 17.361 20 "1°17! 37.47 44.87.:..U. '

1 !
13 5.91 8.83 9.7 11.5 12.86 13.93 17.06 19.7 28.37i 37.47 44.27

14 5.41 8.33 9.2 11 12.36 13.03 16.46 19 28.77 37.07 44.67
I I

24.11
I

15 9.01 12.13 13.18 14.2 15.661 17.f.3 20.96 32.37: 39.87 48.47

!
562.71

,
Total . 199.8 265.7 309.1 338.7 363.7! 373.7 476.1 735.71 1008.1 1231.1
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Table C26: Local Current of Individual SectiC.n for Increasing Applied Voltage

Particle Size = 1mm (dia) Initial Bed Height = 15.0 em

Temper3ture= 29. C

Flowr8t. = 11.4 Lit! min

Void3g€: :::::O.7f.

v 0 L T
(m 'I)

G E --~I
I

"

I
50 100 150 200 250 300 350 400 450! 500 550

C 35.371
A 1 8.72 12.28 14.4 17.04 19.12, 20.07 20.94 25.6 46.57 53.97

T
". !

346712 7.76 11.33 14.2 1f.,94 18.121 19.97 20.94 25.4 46c37 53.77
H ! :
0 3 7.76 10.73 13.7 15.44. 17.92] 18.47 19.84 24.2 33.571 . 44.37 51.77

0 •
,

E 4 7.52 11.13 13.7 15.441 17.12 17.47 18.94 23.3 33571 44.07 51.47

5 7.52 11.13 13.7 1f•.44! 17.121 17.47 19.04 23.4 33.571 44.07 51.47

S 6 30.43 41.93 47.45 52.76.
I

51.9 54.53 97.91125.88 155.5852.88i 73.5
E

52.761C 7 29.35 40.46 47.41 52.33 f.O.6 53.33 70.8 96.3 123.68 153.38

T 9:1.31
I 8 28.67 39.92 46.84 49.46 50.33 47.9 50.43 70.4 122.28 151.98

0 9 28.23 38.93 45.9 I 43.461 43.561 47.3 50.33 69.5 9!:'.3 122.28 151.98
N

45.831 663110 26.96 38.22 45.7 46.46 43.3 43.03 9'3.4 111.48 141.18

: I
20.11 23.27111 6.3 10.13 11.3 16.34 14.42 14.67 1f'.74 37.f.7 45.47

, I12 6.12 9.93 11.1 13.44 14.12 14.67 15.74 20.1 2:3.27 37.57 44.97
I !

13 6.12 9.93 11.1 13.24 13.241 14.87 15.44 19.3. "10 4 ..• 1 37.97 44.37~u. 'I

14 5.64 9.73 12951
i

10.6 12.94 13.97 14.74 19.1 22.B71 37.37 44.77

I I
31.A7115 8.24 12.03 13.7 15.64 16.09! 17.37 21.6 23.3 39.27 47.67

To tal 215.34 307.8 360.8 400.8 410.3 411 440.11 574.8 797.811020.8 1243.8
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Table fd.7: Local Current of Individual Section for Increasing Applied Volhge

Particle Size = 101m (dia) Initial Bed Height = 1E,.O em

Temperature = 29 C

Flowr.!. = 12.7 Litl min

Void::lge :::::0.75

I~-v 0 L T
(01 V)

A G E --~I
1

2001
I

3001

I I ,,
450j50 100 150 2501 350 400 500 550

C I I
A 1 9.03 13.05 15.73 19 20.E.61 25.06 31.23 33.13 37.631 49.9 58.53

T 2 8.32 12.1 15.53 17.9 19.7td 24.96 31.23 32.93 36.431 49.7 58.33
H

35.3310 3 8.32 11.5 15.03 17.41 19.56 23.46 30.13 31.73 47.7 56.33

0
,

E 4 8.03 11.9 15.03 17.4 13.76 ?":"'.46 29.23 30.33 35331 47.4 56.03

29331
I

5 8.03 11.9 15.03 17.4 18.76
1 22.46 30.93 35.331 47.4 56.03

S 6 29.57 41.91 49.67 57.5 56.34 68.74 92.62 100.5 101.sl 13£.1 170.72

E
100.21C 7 28.49 40.44 49.63 57.E. E.634 67.44 91.421 97.82 133.9 168.52

T
8 27.81 542! 53.34] 99d

I
39.9 49.03 64.74 88.52 97.42 132.5 167.12

;

0 9 27.37 38.91 48.12 .. 53.2 53.24 64.64 83.92 96.52 99.221 132.5 167.12
N

100.3110 26.1 38.2 47.92 51.2 49.34 60.64 36.12 93.32 121.7 156.32

11 7.46 11.5 13.23 1S.9 16.66 20.26 26.63 23.23 i 41.E, 50.6330.63._
, I .1

I

12 7.23 11.3 13.03 16/ 16.36 20.26 26.63! 28.23 301n! 41.5 50.13
1 I I

13 7.23 11.3 13.03 15_8\ 16.461 20.46 26.331 27.93 30.831 41.9 49.53
!

16.6ej1~.26
I

14 7.43 11.E. 13.23 16.2/ 26.33 27.93 31931 41.8 50.63

I ! 32831- 15 3.43 12.4 14.33 17.21 17.361 21.96 28.33 30.43 42.2 51.93
I

4501
i

To tal 219.2 317.8 383.12 446.31 547.8. 733 737.9 83771 1107.7 1367.9
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Table C28: Local Current of Individual Section for Increasing A.pplied' \/olt"ge

Particle Size = lmm (dia) Initial Bed Height = 1~•.0 em

Temperature = 29 G

Flowrste = 14.6Litlmin

V.oid".ge = 0.75

I~~\/ 0 L T
(mV)

G E -~I

•

! !
,

50 100 150 2001 250! 300 350 400 4501 500 550

C
-c- i ! !

A 1 6.78 10.75 13.43 16.7! 13.261 22.76 28.93 30.33 35331 47.6 56.23

T
I !

2 6.02 9.3 13.23 15.6 17.461 22.66 23.931 30.63 34131 47.4 56.03
H I

,
I

0 3 6.02 9.2 12.73 15.1 17.261 21. -1'; 27.83 29.43[ 33.03/ 45.4 54.03

0
16.461 23.53! 33031

E 4 5.78 9.6 12.73 1t•.11 2016 26.93 45.1 53.73

16461

I

5 5.78 9.6 12.73 15.1 20.16 27.03 23.63 33m! 45.1 53.73

S 6 24.27 36.61 44.37 52.2 51.041 63.44 87.32 9:'.22 961d 130.8 165.42

E
94.921c 7 23.19 35.14 44.33 52.2 51.04 62.14 86.12 9252 128.6 163.22

T 8 22.51 34.6 43.78 48.9 48.541 59.44 83.22 92.12 93.92 127.2 161.82
I !
0 9 .. 22.07 33.61 42.82 . 47.9 47.94 59.34 83.62 91.22 ,,3.92i 127.2 161.82

N i
,

44.04! I
10 20.8 32.9 42.62 45." 55.34 80.32 83.02 95.02( 116.4 151.02

11 5.16 9.2 10.93 16.6 14.36 17.96 24331 25.93 28.33 39.2 48.33
,

1406i12 4.98 9 10.73 13.7 17.96 24.33 25.,,3 23.33 39.2 47.83

13 4.98 9 10.73 13.E. 14161 13.16 24.03 25.63 23.E,3 39.6 41.23

I
14.361

,
5.18

,
14 9.2 10.93 13.9' 17.96, 24.03 25.63 29.63i 39.5 48.33

I
15 6.18 10.1 12.53 14.9 15.06 19.66 26.03 28.13 30.53: 39.9 49.63

j 1..> 31
733.2!Tot al 169.7 268.3 338.62 397.3 400.5 498.3 633.5 133.4 1058.2 1318.4
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Table C29: Local Current of Individu31 Section for !ncre8sing Applied Volt~~g-e

Particle Size; 2mm (dia)

TemperBtUfE~ -;:::-2;_~ C

~----------_._ ...._~~-------_.._._--_._---_._._----_.- .._---------

v o L
frn V)

G
i

----~!
i

550500100
--_.- - _+_----_.-I I

150 I ZOO j .~ 5JJ j 300 350 400 450-+-,_.~---'---~j r \ I Iii

7.8 ! 9.35 I 11.25 ! 13.15 ! 11.75 15.05 I g.35 ! 11.85 ! 29.35 34.05
! I I I iii

1 6 DE'" 1"\ 1- i lil 1....I .• ." -1:: : 1.:~.65\,1 1- 0" i 1....1: I ••.• "-,., : 191~ 3'1 S;
.();J 7. ~, • ~ 1 .JI..••-.J~~__J.. 1:0. ~ : ::t •. ::' \ "':'l,~~ i -' • :r ::to •..

6 6- i 6 ! ~,,;:! --t -"} 1- I i ~-.~.. ! ~" ~ ~ ] I.25 8." j 9. 5 I 1.. >.' I U •." i 13.95 I b.9" i .•U.,,'" i 27.15 31.85 .Ii
6.65 I 8.65 ! 9.65 r'-;;~~~~~;;~05! 13.05 ; 20.55 ,26.85 31.55.

6.65 i 8.65 I 9.65 i 11.~~.~.15113.15 i 13.15 UQ:S5 : 26.85 31.55 i
18.36! 21.6 ! 13.95 0:1.15 !.:.4::':;5 ! 25.35 ! 26.2!£! 4'~!:5: 51.35 I 70.25 II

16.39 i 21.56 ! 23.% i >U5 I 13.65 ! 24.15 i 24.15 i 38.55 . 49.15 I 68.05
I I i '1: i i 2' "'_ I,,,, _. I I16.35 21.01 20.65 I 11.65 20.9!;, 11.15 iJo •• ~ " .>, .~" , 47."'5 i 66.65 i

! i! ' i i

15.36110.05 19.65! 11.05+O.~5 i 21.65 I 12.S5 i 37.S;; ! 47.75 I 66.65 I
i 14.65 19.85 17.~~ :17~!t 16:.85 [ 18.85 ! 19.65~}S.6~ ! 36.95155.85 !
6.75 I 7.35 ll.t>~ i 9.,"'-.: 10,45 ! 10.95 110.95 116.35 i 21.45 : 26.65I I i r---'-i- j 1 1
6.55 Ii 7.15 S.75: 9,45 : 10,45 i 10.95 110'~'5 ! 16.35 ! 11.45 II

I ! i '.
6.55 I 7.15 8.55 L9.55_.1 10.65 ! 10.65 [10.65 i 16.55 ! 21.85 25.55

iii . , i
6.75 7.35 S.95 i 9.75 ! 10,45 ! to.6U 10.6;; : 1-.6" ! 11.75 i 26.65 I

, ! . i 1 I I' I
7.65 S.95 9.95 i 10045 [11.15 I 12.65 i 13.15 118.55 ! 2'1.15 27.95 I

. iii I iii I .. '
l~O 111864""'04';; 1,.- ., i "83 "3""Y "44 3 '~S4' '480% 16'3";; I~. I • /[ .•..'.0 ...f~.I.,'.4::'J_:'''''' iM ,'T ~~~' '. !~, .l! . ,M •••.•

s 1

E Z

c 3

T 4

5
I

1-
0

6

7

N 8

I 9

10

11

II

13

14

15

Total
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Table C30: locsl Current of Individu31 Seeti')!l for incre-;:.sillg Applied\l.:dt;;ege

Particle Size = 201m (dia) Initial Bed Height = (;.0 em FI')Wr8te = 7.9 Litl min

Temper-3ture = 2~j C

I.••
--~---,---- I

I

V 0 L T A G C' ~Ic

I
(m V)

11
..

4.64

12 4.46

13 4.46

14 4.64

15 5.75

Total 107.92

23.7

2~.8

3111

716.2f. I
26.95

27.051

629.251

91 39_85: FeQ ~! 67.45 78.951
...'v.O ...' I

I ...•,' 3.ri !
9 ')0, ~': e,S.Of.j 'i7.4E. 78.90.

, i I
91 3E.75! !:.9.1:,i 5S.6~,l 63.15

I !I
11 1E..05j

I
::'1.E,E, : 26.35, 29.8

i
50 100 150

5.761

,
1 8.29 9.31

2 f. 7_34 9.61!

3 5 6.74 9.111

4 4.761 7.1<1 9.11

5 4.76 7.1<11 9.11

6 13.44 20.03 123.171

7 12.361 18.76 23.n!
] I

8
,

11.68 18.02 22.ft3

9 11.24 17.03 21.62 ,
10 9.97 16.32 21.42

c

S
E

C
A
T
H
o
o
E

T
I

o
N
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=-:-:-:e:-:---,--:-::---.,..---::-.,..-.,..-e:----::-- ..e-- ...---.---.------.----
Table C31: Local Current of Individual Section for !nciessing Applied Vc.!t.?ge

Particle Size = 2'0101 (dia) Initial Bed Heiuht ::::;:;.0 em Fk:wr8!>? = n.9 Lit! min

TempEf8ture ::: 29 C

----------------_ .._-------

I~

11.59 19.96

E150.
1

40.561
1

i40.36 !

i
3336i

;
33.061 ,

33.061

94.24!
I

92.041

I
9064

1

90.64 i
79.34\

I
33.16l

I
32661

i
32.061

33,161

34.261

308.1 i

29.74

JO.741

3'7.44\
I,

35.44 \
I

35.14\
i

35 ..14J

82.A4!

:'9.74

73.84

63.04

719,6

78.84

72.141

2f:,.24i

:~f..24 i
. !

n', !4.:::.. (4)

45.541
I

17.941

i
17.64j

:
17641

1
20.14j

j
443.6j,

G E-

14.3

13.1

13.1

12.9

2[,.38

23.18

291.6

12,771,
I

T ,'I.
1 .••• ,L

T! i -.--~----- I

200 i 2[;0 i ~iOOi 350 i 40D \ ii~,O! E,OO\
J 1 t-------+-. I

l",r,.! 1::"' .. : ' i I • I';;.':>QI •..',;.j: rl,07i 17.2) 22,3dj 31.74; 37.64:-r------- ....,--

12::.4L.~~~:!.LY3Q!L!2i 221) 30.~,,1'
I ! i ; I '

12.04\ 14.73; 1~'Ji71 103.11 20.34! 28.44i-+-- ...l__ ---l J--r

12.041 13931 11.~71 1521 20041 29.44j
j ! I ! I i

1204! 13931_.1447'11 153'1',' 2014i 284Ji____ . I

I, ' ... _! ,-, ~ !
31.4d, 3""2.41 :.5,::'.1':)1 31.38i J.:...:A! 73_'=,4:

! j I' , '

31.44i 32.41 30.~~S! 30.B8! 50.041 1'2.04: ;;0.24
1 ': i

')8 -141 'i:ti:;1 28 ..181 27.781 49.t,AI- . -i----.-::.:::.:~-i- j

, ,
27.14..1 29.3l 28.06j

! i r

25.14; 2:•.4l 2!..061
-+--._--~-;.! i

14.04! 12.33\
i

11.14 i,
10.54!

i11.54;
I

12.341
1

26f,.61

ov

!
8.31.1
T

8.871

8.95

9,07

26.41

i
26.37'

10.37

24.86

24.661

25.82

,
1501

!
11.071

10.l171

10.371
:

10.37

227.6

10.67

3.07

9.22

3.07

7.97

Q "71~.-
1

7.67

I

7.97

8.17

3.47

21.97
1

20.51

13,97

1
18.26 \

9,07

132.61

50

6.13

5.13

5.42

5.18

9.33

5.06

4.33

5.42

5.08

6.08

13.35

12.27

11.15

111.6

2

4

6

5

8

7

1

3

9

10

12

11

13
.

14

15

C
A
T
H
o
o
E

S
E
C
T
I
o
N

Total
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TableC32: Local Current of Indiyidu~1 Sectj~)n f,x Incr~3sing AppiiedYoIL~ge.

Particle Size = 2 mOl (disl Initi~: Bed Height:::: S.O ern

Temper;:'Iure .::;:29 G

Flowr8l:e:,:: 10.5 tI min

-------------------------------

C
A
T
H
o
D
E

S
E
C
T
I
o
N

v

50 100 150

7.45 10.32 12.14

6.69 9.37 11.94
I

6.69 8.771 11.44

6.45 9.17 11.44

6.45 9.17 11.44

19.33 27.27! 3.L59

18.25 2:,.81 31.55

17.57 25.26 31

17.13
1 24.27' 30.04

15.86 23.56 29.84

6.33 9.271 10.14
1

6.f5" .. 9.07' 9 ..94

6.1E,' 9.07 9.94
1

6.35 9.271 10.14

7.35
1 10.47 11.52

154.2 220.1 264.1

o L
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Table C33: Local Current of Individu:EII Section for increBsing Applied \;,.._,jtBge

Particle Size = 2 mm (dia) Initial Bed Height:::: 13,0em

Temper3ture :::: ;::':'~':.--:

'---------------------_._ ....-----

I~

2~.34

23.35 i 35.32!
I '

27.641 35.121

10.351 11.52

141.4 !

130.6/
i

45.691

45.191

44.591

45.69

I
46.39\

118731

33.49\
1

96431741.3j

T

--,----- .._._._-.~--_..._._ .._._---- .--_._-_ .._-.__ ..-----
L

13.361
!

o! ••.•• l
14.Cl6i

I

34431

ov

I
12.821

12.82\

36.371
!

36.831

i
11.32j

11.52
:

12.921
I

304.31

~
1001 1501

11.41 13.521
I I

10.451 13.321
! .

9.8~,! 1'")0.,1- .•...\-..:.!

I
10.65

10.1::-

11.25

251.31

I

10.1::- i

7.34

6.83!

60,,1.vwJ

6.52,

16.33

6.641 10.2::-
I

6.64 10.25

19.55i31.35

13 77.! 29.':''' I• l- .-0..,

13.09
I

17.65'

153.84

4

2

3

1

6

7

3

5

9

11

10

13

12

15

14

S
E
C
T
I
o
N

C
A
T
H
o
D
E

Total

\
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Table C3A: Local Current of IndiYidual Section for Incressing Applied Voltsge

Particle. Size = 2mm (dia) Initial Bed Height = 6.0 cm Flowr3te = 12.7 Litl min

Temperature = 29 C Void:3ge = 0.9

v o L T
(m V)

A G E ~!

159.39
I

159.391
I

143.59!

501
I

A9.51

48.91
i

50
1

51.31
I

1320.51

41,17

41,27

40.87

40.87

10603

I
301

30:
i

30.2i

91.4&1 124.77
!

92E'9i 113.97

i,
2'l.8i .,
77.31
.l,

27.3] 31.31

29.31 32.21
! !

740.E.1 7903:

25.7

277

I

350
1

3011

I30.1,

78.39

30.79

4e,0 500 I 550 I
I i

32 36.5 4377! .57,41
31,31 35,3! 4357\ 57.2,

I I ,I i29! 306
1

34.21 46e.71 55.21

123,11 znl 342:,1 46,27! 54.9
1! l I

28.21 29.31 34.2; 4B.271 54.91'
I I,'
1 : i

34391 9279\ 94.0:31 123371 162.99

Ii.! I '160,791
83J39i 90.09j 92.431 126.17]

I i I
39891 91,491 124.771

i
88.791

i
or. F,GIu<-' ..•...•..••,

1,
276!

i
1&631

!
21.33;

i
f..7.011

I
I:. •..J 4~ i..).;...'"' , '.

,
45.5';: t;S.91I

1 l
16.03J 19.63 i,

4'~ ~~)
I .... ,

, ,
48-:>1: 61011

i
18.27 i

4E.471

4347[

,,
49m

49.77i

200 ! 2E,O i 300 I
17,87! 19.431 23931

16.771 13.63! 23d
"J I_~ "'3116,.31 13,43, L"'~.

! i I
18.27 1,1 17.B~L..~1.33L

, ,
i ; :

1i3.27i '17.63\ 21.33i

I

12.61

12.41

150

13.9

13.91
I

13.91

,

10671 12.41 10.,n; 15<'2.'

i 12.1; I ' i10.37, _ 15.E,7\ ~
I .I I i

11.771 14.2i 16.~17j 16.73i
I I ' ,

270,413.40.67' 399.35! 402:5:5!

i
1037[

10.671

34.18 i 41.941

32711 41.91

32.171 41.35!
, I

31.18! .40.391

30.47! .4O.19i

100

11.92

10.97

1037!

1~.771
I

1O.77!

50

7.951

7.19

6951

7.19

60,,1.•...•..
i

701:. I
•••••••• 1

20.08

19.64 i

13.37

6.:331

i
6.65:

i
6.661

6.95

" n I....1.041

20761

171.75

7

3

5

2

3

1

15

9

101
. 11!
12!,

e
A
T
H
o
o
E

S
E

Ie
T
I
o

~~I I

,I,
'ji

1

ITot "I
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Table C35: Local Current of Individual Section f(,r Increasing Applied V(,lt8ge

Particle Size = 2mm (dia) Initial' Bed Height = 6.0 em Flowrate = 1<1.6 Litl min

Temper3t ure = 29 C

------------_._--

v o L T
(m V)

A G E ~I
!

3.04 16.07 20.23

3.24 16.27 20.431

9.24 17.17 22,031

234 452,915%.121

3.04 16.07

3.53 16.37

9.34 17.32

102

,
961
.. I,

97.11
1

98.41

27541

102

5501

96.6

341,1

97.1 !

104.f,

102.3

104,3

353.3

351.9

355,5

351.9

!:'ool
8361

3341
1

31.41

81.1 i

;
269.61

263.21

i
271,8'

26B.2j
i

257.41

7571

7571

i
81.11

761:,
76.41,

212f,7!

!
200i

I
2:,.61

I
24.t'l

150

22.43

22.23

21.73

77.33
1

76.78]

20.23

,-- i ; !
20,01_ ..300 I 350 I 400 i Af,!)

32.791 40071 49.721 61.241 64.94

31991 39.971 49.721 61.0AI 63.74
, ! I i

24 31.79! 38471 43.62 59.34! 62.64
I' I dl , I

, C""l" i24'1 30,991 37,471 47,72 53,941 ..,.,,:>4,
• I I

24; 30.99! 3'{.r,.j 47,321 0.9.041 S2.64!

34.81106.16! 123.71 1I37.48j 213.91 2121
I I I ' I :

3481 10616( 123.4j 166.28( 211.2~'10.~1i
-r I i Iii

ry'1~! 10")rc.t -F1/"' 7 163301 ?-1u-,-,\ -'OL.4'j
v ''-T~:~~:'r-..:.OJ. 1 . VII1._ .0: ~ J. !
SO.!:'I 103.061 126.B1163.78j 209.91 2?9.41

I ' 1 I ' ,
75.62 -- 7351 99.1';! 121.61160.931 2Q'nj 210.51

20.43 261 29.39: 3E~J71 4E'.82I 56.34
1

58.441

.., (i,...,,, 7~ i F ..,T -;:. n II23.1 .9,031 ,.','.' I 4",621 ,.6.04 f03.44
~-- I I

22.91 "29.191 3:,.97'1 4:,.321 '56.E,41 58.641

~ i ' I I I i.:.3.3( 29.3S) 3~,.77i 4f'.32j 56.54 59.74:
i i i i I •

24.3: 30.0.'!J 3747, 47.32! 59.041 1;;0.'34!.
! i ! ! 1"

r:~,1.~ll0'-'''"', \..::1 1!"'in.c,: 1'9' 7' 1~,,)Qi 1~~A,'0 •..•. ~ ,.••,,;., .'-': .'r._,-! "- Q.! -'~~-'~"-;"

100

57.83

16.17 21.73
. .' 1

16.171 21.73 ,
f,9.89 I n.371

56.13

16271

50

3.53 15.n

8.34

3.34

3.22

29.75

29.31 56.89

31.51

28:04

30.43 53.42

4

7

1

2

3

5

6

3

9

11

12

10

14

15

13

/

C
A
T
H
o
D
E

S
E
C
T
I
o
N

Total
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.-----------------------'----_._~-_. __ .._.._. ----_._-------_._----
Table C3G: locsl Current of IndilJidu$l Seetit:-~n f.:or !ncre.,:,sing Applied V(dt:o!ge

Particle Size = 2mm (dia) Initisl Bed H~ight ::::9.0 em

l..... -'-- .__ ._ .•-.,- ....- ...-----.--------.----- ...-.---.-- ..-.-.-----.--._--~

v o L
(m V) ~I

C
A
T
H
o
o
E

S
E
C
T
I
o
N

\

Total

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

50

3.74

7.98

7.98

7.74

7.74

29.11

28.03

27.351

26.91

25.64

7.62

7.44'

7.44

7.64

3.64

216

I
100 1501

i
16.45' 20.06 i

i
1~,5 19.861

14.91 19.3J

1531 19.361,
15.3 19.3'3[

56.41 67.891

67.8"'!E.4.9.i, ""I

5441 67.31
, i

53.411 66.34!

52.71 66.141
!

15.4 13.061
-_. -'-1,

15.2 17.8t31
,

1E'.2 17.86!

.! !1~'.41 18.06!
, 1

16.3 i 19.661
I I

426.31525.021

121

i
E,50I

90.5!
90.3

1

88.31

83
1

83

1299.5
1

I
297.31

I
295.91

i
295.91
285.1

331 i
82.61

821
I

33 1
,

. I
. I84.4,

I

23341

~ .. ".~



Table C37: Local Current of Individusl Section f'Oor incressing .Il,ppiied V"d!"ge

Particle Size = 2mm (dia) Initisl Bed Heighl ; 8.0 em F!owratc =:: 7.9 Lit! min

v 0 L T
(m V)

G ~I
,

I I I
7Rl.?'.' -'Cj1 '}/ ?04 "I•.•'-' "' .:.,"' '.':"1 .•..• .k

36.7

550

40.35

70.4

83.1

40.15

81.2

84.5

3O.Sf,

31.25

758.7

37.85

33.05

37.85

31.75
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Table C38: Local Current of Individusl Section for Incre.3sing Applied V.:dt:'.\ge

Particle Size = 2mm (dia) Initial S"d H"ight = 9.0 em FloWf3te == 3.9 Litl min

Temper3ture :: 29 G V(,ldage = 0.131

I~ v o L T A
(m V)
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TableC39: Local Current of Individual Sectic.n for Increasing Applied Vollsge

Particle Size = 2mm (dis) Initial Bed Height = 9.0 em Flowr3tf~~10.::'Litl min

I~-v 0 L T A
(m V)

G E -----l~1
2001 2~lo1 3001
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, ,
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Table CAO: Local Current of Individual Secti,:-n for Increasing AppliedVoltage

Particle Size = 2 mm (dia) Initis! Bed Height := 9.0 em Fk.wn~te =11.4 Litl min

Tempersture = 25 C

-------------------~
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Table C41: Local Current of Individusl Section f", Ineressing Applied Voltsge

Particle Size = 2mm (dis) Initi,,1 Bed Height = 8.0 em Fl:)wrste::;: 12.7 Litl min

Tempersture ::;:29 C
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Table C42: local Current of Individu~1 Section for Incre~5ing Applied Volt.ge

Particle Size = 2mm (di~) Initial Bed Height = 9.0 cm

Tempersture = 2~; C

Flowrate = 14.7 Litl min
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1 11.64 19.62

2 10.38 18.67
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Table C43: Local Current of Individual Sect;.:,,, ror incre3Sing Appljed Voltage

Particle Size = 201m (dia) Initial Bed Height = '12.0 em Fl»'Nr!3te = Ed3 Uti min

Temper{1ture = 28 G Void3ge ::::0.8
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Table CM: Local Current of Individual Section f"r IncressingApplied Voltage

v

Particle Size = 2mm (dia) Initial Bed Height = 12.0 cm

Tempen~ture :::::29 C

Flowe.t" = 7'd Litl min

Vr)idsge :::::0.3

I~~v0 l T A
(m V)
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Table C45: Local Current of Individusl Section for IncressingApplied Voltage

Particle Size = 2 mOl (dis) Initisl Bed Height = '12.0 Col

Temper~ture = 29 G

Fi'JWr3te =8.9 LiU min

Voidflge = 0.85

---_._--------------~

I ~'---V 0 L T A
(m V)

G E
__ ~I

I

.
'0

50 100 150 200 2501 3001 350 400! 4501 500 550
~.

C '"'3 0~1 ;782!
I I

, I

71.d"'1 e,i I I

A 1 10.84 16.58 19.46 £.. .. I I ,.1 .~ 35.821 46.77 i 50.67i 62.3

2unl
I

31.81 35.821

,
49.471T

I

2 10.08 15.63 19.26 27.02i 46.571 62.1 71.62
H , I

4537\

, I

I
,

0 . 3 10.08 15.03 18.76' 21.47 26.821 30.3 34.72 A3.3-,( 60.1 69.62

D
26.021

I

48.371.
E 4 9.84 15.43 18.76 21.47 29.3 33sz1 44.47 i 59.8 69.32

15.43
I I

44E,71 4337!5 9.84 18.76 21.47 26.021 29.3 33.921 59.8 69.32
i ! !

s 6 35.11 .54.53 63.09 7'i'i8i 33.881 946 109.48 1"'61 1"e-<1 134.2 222.41 •• __ ,•.',.).' - :..J .•••••.•• l

E . 1
93.31108.281

: i
C 7 34.03 53.06 63.05 72.23 83.88 1E,~tsi 150.91 182 220.2

T 1 ! !
14991

.I 8 33.35 52.52 62.5 68.98 31.33) 90.61105.33 1:,0.51 180.6 213.8

67981
! j n

14961
!

0 9 32.91 51.53 61.54 BO.7S! 90.51 105.70 .14991 180.6 218.8

N
65.931

,
I i ii ,

10 33.6 42.44 61.34 76.88! 86.5 t 102.98 146.4i 151, 169.8 208

,I 22791 33.621 42.671
1

11 9.82 14.79 16.39 21.97 28.2 43671 54.2 61.8

! i
39_371

! I
12 9.01 14.29 15.89 18.771 22.19' 25.9 30.32 40371 50.9 60.45

I
22.291

I i I

13 9.01 14.29 15.89 18.571 26.11 30.02 39.071 40_~r7! 51.3 59.85

13.97! 22.4&!
I I

41~J
14 9.19 14.49 16.08 25.91 30.02 39.07\ .. t;J I i [11.5 60.95

15 11.3 16.39 18.53 1 24191 23.7 33.12 A2.57 43771 52.61 63:2521.171

489.31
T

86311 1.131
i

1746.21To tal .268.01 406.4 0056.4 654 ..dE'1 743.9 12091 146.i.8
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Table C46: Local Current of Individusl Seeti.)11 for Ineressing Applied Voltage

Particle Size = 2mm (dis) Initial Bed Height ~ 12.0 em Flowrs:te :::;10.5Utl min

temper3ture = 29 G Voidsge = O.3~1

I~ v 0 L T A
(m \/)

G E ~l

,, ,
11311 1209L 1461.3 1746.2

203

550

61.8

63.2.5

59.85

220.2

60.45

218.8

222.4

218.8

60.95

69.32

69.32

71.62

69.62

71.82

182

52.6

51.5

50.9

54.2

59.8

59.3

62.1

60.1

169.8

130.6

130.6

134.2

3002501

27.321

!
83.88l

31.381

200

26.321

26.021
i

26.021,

72.28' 83.881

23.07

21.47,
21.471

I

21.471

21.97

I

63.93

1 !
350 400 I 4.!:,O j

!1
31.9 3~'.32 46.771 c.0.67i

1 :

31.8 35.82 46.!:.71 49.471
! 1

30.3 34.72 45.371 48.371

29.3 33.32 44.471 43.371
I !

29.3 33.92 44.57 48.37i

94.6 109.48 153.6' 152.51

93.3 108.28 150.9 150.91
I !

90.6 105.38 1~.0.51149.91

67.98 80d 90.5 10~'.78 149'.6! 149.91
! I'

6~'.98i 76.88! 86.5 102.98 146.41 '1c',!

21.971 22.791 29.2 33.62 42.671 4367!r' ,1

18.771 22.191 2591 30.32 39.371 40.37!
"1 I I i

18.!Wj 22.291 26.1 30.02 39.071 40.571

18.97: 22.491--25.9' 30.02 39071 41.671

21.171 24.191 23.7 33.12 42.571 43.77!
, ! '

~66.416c.4.45I 74391 863.1

72.23

150

489.3

62.5

15.89

16.08

18.76

18.53

16.39

15.89

18.76

63.09

61.54

61.341

63.05

19.46

19.26

18.76

9.82 14.79

9.01 14.29

50 100

33.6 42.44

9.19 14.49

11.3 16.39

9.01 14.29

9.34 15.43

9.34 15.43
.

35.11 54.53

33.35 52.52

32.91 51.53

34.03 ~.3.06

10.08 15.63

10.08 15.03

10.34 16.53

268.01 406.4
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Table C47: local Current of Individual Secti.:.n for Increasing Applied Volt8ge

Particle. Size = 2mm (dia) Initial Bed Height = 12.0 cm

Tempersture = 29 {;

Fioowrste =11.4 Litl min

Void8ge = 0.3

••

I~ V 0 L T A G E ~
(m V)

! ! i
3501

I
4E,0!50 100 150 200! 2501 300i 4001 ::.00 550

C I , ,
4967!

,
A 1 12.71 18.23 21.13 24.47 29.391 33.7 40.92 54.441 70.87 84.87 .

T 23371
i

49.471
i

2 11.95 17.33 20.93 2B.~,91 33.6 40.92 !:,3.24! 70.67 84.67
H !

,
0 3 11.95 16.73 20.43 22.871 23.39 32.1 39.32 48.27 52141 63.67 82.67

0 I
3111

T
63371

E 4 11.71 17.13 20.43 22:37 27.59: 38.92 47.37 5") 14' 82.37• I
i

5 11.71 17.13 20.43 22.37 27.59 3111 39.02 47.47 E,2.14! 63.371 82.37

S
I

1638!
T I

.6 41.19 59.93 63.37 76.43 38.761 100.4 128.43 16621 217.241 273.18

E
88.71.>1 127.281 161111'>461 215.041c 7 40.11 53.46 63.33 76.43 9908 270.93

T
.

....•6 'le! I I i II
I 8 39.43 57.92 67.78 73131 u ...:..,:)1 96.38 i 124.38 160.71 163.61 213.64 269.53

I , I
213.6410

,
163.619 33.99 56.93 66.82 72.131 3:._1561 96.231 124.78 1::.9.8 269.58

N ,
92281121.98

! i !
10 37.72 56.22 66.62 70.18 81.761 1E.i3.61 ":'0" 04. J 253.73164.71 ~ ~.U I

.. 24071
,

44471

,
132.171. 11 10.79 16.43 18.33 2t="19 2361 3602

1 4714! 76.671

i , i
12 10.61 16.23 18.13 21.17 24.891 23.61 36.02 44.471 47141 6217 76.17

24.991 23.131 3E'.72 I
!

13 10.61 16.23 18.13 20.97 44.171 47.341 62.17 75.57
1

, ,
I ! I

,
20.471

' , I ,
14 10.11 15.73 17.63 24.49' 27.9 35.121 .43.471 47.741 '31.77! 75.97

1\ T I
15 13.71 19.53 21.61 23.671 27.7'" 32.4 39.62 .43.~57 51.34i 84.E17 79.77

i
700.1 !

-t
1722.21 2143.210091

,
Total 313.3 460.2 535.1 595.3i 792.3. 1269 1327;
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Table C4S: Local Current of Individual See!i,)n for Inere•• ing Applied Voltoge

Particle Size = 2mm (dia) Initial Bed Height = 12.0 em

Temperature -=- 29 C

133

FIe,wrate = 12.7 Litl min

Voidsge :::::0.8



Table CA9: Local Current of Individual Sectioon for Increasing VApplied Vo,itage

Particle Size = 2 mm(dia) Initial Bed Height = 12.0 em FIe.wrat" = 14.6LitJ min

Temperature = 29 C Vooidage = 0.8
•

v 0 l T A
(01 V)

G E -~~I
I

;
29.E.91 36.93 47.09
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12.28 19 21.76

32.03
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!
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! --I
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4E'.09 .

160.16

157.361

4E'.39I
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39.93,

"'0 •., I!
.•...~.Q,J

37.43 48.09
I

124.81 163.36!

'12351162.661
I

120.3 1:,9.76193.9€.

28.89! 3E'.23

n., !
9D 6:

94461
[

23.891

30.99 37.43

31.99

31791

2E'0! 3001,
32.791 40.03

')01=..911.....y..... 3Er.23
I
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26.97
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2001

28.E.71

27.471
i
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25.77
I
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!

714.9\

26.97 i 30.99

91.981101461
I :

91.981 101.46!
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I

78.44 87.631

78.24135681
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21.76 28.471

21.56! 25.57!
I
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Table C50: local Current of Individusl Section for Incressing Applied Voltsge

Particle Size = 2mm (dia)' Initial Bed Height = 15.0 em

Tempe.r8:ture = 29 G

Flowr::l1e = 5.3 Litl min

I~~v0
l T A

(m V)

G E --_ . .,

..•

I , I I
,

~
550

1
50 100 150 200 2f,Oi 3001 3wl 4001 450i

C
---,- i 1- I

A 1 8.64 16.35 19.96 23.94 3111:,[ 3824 46.12 E.8.0ill 54.Eut! 72.5 90.4

T 2 8.64 15.4 19.76 22.34 30.361 38.14 46.12 57.34! 0.3.341 72.3 90.2
H I I
0 3 7.88 14.8 19.26 22:34 30161 36.64 45.02 56.64 :.2.24) 70.3 88.2

0
. !

44.121
I

E 4 7.64 15.2 19.26 22.34 29361 3[.641 55.741 52.241 70 87.9

i I ! i
5 7.64 15:2 19.26 22.34 29.361 35.54 4.4.22 55.841 .52.241 70 87.9

S
1 I

6 31.51 58.81 70.29 80.96 102.441 125.2 155.33 203.9 173.2! 230.2 301.9

E
, 1i

C 7 30.43 57.34 70.25 80.96 102.441 123.9 154.68 201.2 171.61 223 299.7

T I I lE.1.78 I 200.8' 17061 226.6 298.31
I

8 29.75 56.8 69.7 7766i 99.941 121.2

0 ! j I 170.619 29.31 55.81 63.74 76.661 99.34 121.1 152.13 199.9 226.6 298.3

N !
115.2! 147.48 169.8110 26.14 53.2 66.64 72.76 93.541 194.8 213.9 285.6

I
')n "'61 ~4 441 4854111 8.02 15.8 18.46 24.34! ~u.~ ",. I 42.52 E"I.141 65.1 83.5

I II 541) .1::'0.4112 7.34 15.6 13.26 21.94 2796! 34.44 42.52 65.1. 83

I ! 1
13 7.84 15.6 18.26 21.74 .23.061 34.641 42.22 .Et3.84 4S.7.il 655 82.4

28.261 3';441
I

I
14 8.04 15.8 18.46 22.14 42.22 53.84 49841 65.4 83:5

I
28.961 36.141 56.341 50.74i15 "9.04 20.06

, t:i5.S 84.816.7 23.141 44.22.
! ! l I I

To tal 228.36 438.4 536.62 616.61 739.61 9S4.8 !1201.3 1E,E.7i 1367! 1807.3 2345.6
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Table C51: local Current of Individu~1 Section for Increasing Applied V(,ltege

Particle Size = 2mm (dia) Initial Bed Height = 15.0 em

Temperature = 29 G

FlowrBte =7.9 Lit( min

Voidege = 0.75

I~-v0 L T
(m V)

A G E --~I
I I

3001 3501 4001
1I

4:,01 55050 100 150 200 2E,Ol 500
C

24.491
! 1 I

A 1 8.91 14.14 16.69 19.87 23.S1 33.02 4237! 45.47[ 57.5 66.95

T 23.69T
I I

2 3.15 13.19 16.49 18.77 28.7 33.02 4"' '71 44271 57.3 66.75••••I i
H , I 1 !
0 3 8.15 12.59 15.99 13.27 23.49i 27.2 31.92 40.97' 43.171 5E'.3 64.75
0 1

31.021 43.171E 4 7.91 12.99 15.99 13.27 22.6f11 21).2 40.07 55 64.45

5 7.91 12.99 15.99 13.27 22.'59 25.2 31.12 40.17 43171 55 64.45

S 6 25.89 43.28 50.54 57.fl8 69.061 80.71 96.78 134.5 130.21 153.81 196.7
E

57.931 12861C 7 24.81 42.01 50.5 69.06 79.4 9:1.53 131.8 156.6 194.5

T I I I
127.1,1

I 8 24.13 41.27 49.95 54.63! 66.56 76.7 92.63 131.4 155.2 193.1
!

64.06!
1

153.310 9 21.79 38.38 47.09 51.78 74.7 91.18 123.6 1257! 191.2
N

58.061
,

124.7110 .18.42 .35.57 44.79 47.68 133.61 36.28 123.3 142.5 180.4
1
28.621

1 I
11 7.49 12.79 14.39 19.97 20.79 24.2: 37.671 33671 49.2 59.25

20"191
, I i

12 7.31 12.59 14.19 17.07 24.21 23.62 37.67i 38.671 49.2 53.75, 1 T .37.371 3887113 7.31 12.59 14.19 16.371 20.59! 24.41 28.32 49.6 53.15

24.21 37371
I

14 7.49 12.79 14.38 17.27 20.79 23.32 39.97! 49.8 59.25
i I I

41.07115 8.6 13.69 15.83 13.471 21.49 261 30.42 39.871 49.9 GO.55
T

10451 1053! 1294.2To tal 194.27 330.9 397 4!t3.2. :,48 i 1340 21 766.9 1579.2
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Table C52: local Current of Individual Section for Incressing Applied V.olt3ge

Particle Size = 2mm (dia) Initial Bed Height = 15.0 cm

Temperature = 29 C

Flt)wrste ;;;8.7 LiU min

Void3ge = 0.75

l T
(m A)

A G E -~I
2001

! I
450150 100 150 250[ 3001 350 400 500 550

C -
, I ! !

A 1 8.54 14.23 17.16 20771 2Eo.!S21 2961 33.521 4447148371 60 69.52
-' I

I , I
T I

2 7.78 13.33 16.96 19.671 24.721 ~9 "I 33.52 44.271 47.171 59.8 69.32- .-
H

12.731 24.521 43071

,
0 3 7.78 16.46 19.17 ""I 32.42 4607 57.8 67.32~v

0 137")1 271 31.52E 4 7.54 13.13 16.46 19.17 ~ . - 42.17 46.07 57.5 67.02

5 7.54 13.13 16.46 19.17 23.72 'J-l 31 6" 42.27' 41:i.07 57.5 67.02•../ I .,(..

I
,

f I

S 7n Ani G'9.21104.OS 147.1 i6 - 29.71 49.13 57.69 66.881 o. vI 142.2 178.3 217
E I

879! 102.33
I

-

78.4S)
I

C 7 23.63 47.6I:i 57.65 66.33 145.5 "14E,.5! 176.6 214.3

T I
144.5!

I
s 27.95 47.12 57.1 63.53 75.93! ::::5.2 99.93 145.1 175.2 213.4

0 9 27.51 46.13 56.14 62.53, 75.331 85.1 100.33 144.2 144.E. 175.2 213.4
N

71.431
I

10 23.2 37.04 55.94 GO.58 81.1 97.53 141 145.61 164.4 202.6
I I

4227111 3.42 13.39 14.99 -'20.57 21.391 27.8 32.22 41.27 52.8 GO.4

20791
!

495112 7.61 12.39 14.49 17.37, 24.5 23.92 37.97 33.971 59.05

13 7.61 12.89 14.49 17.17 20.B9 24.7! 28.62 37.67 39.1-71 49.9 58.45

! I
14 7.79 13.09 14.68 17.57 [ 21.09 24.5, 28.62 37.67 40.271 50.1 59.55

19.771
!

15 9.9 14.99 17.13 22.79 27.3 31.72 41.17 42.371 51.2 61.35

To tal 222.51 360.9 443.8 510.9 603.95! 698.41 317.6' 1136 11',4 ! 1416.3 1700.7
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Table C53: local Current of Individual Section foOr Increasing Applied Ve,ltage

Particle Size = 2mm (dia) Initial Bed Heigh! = 15.0 cm

T2rt:lpersture = 29 C

Flowrste = 10.5 lit! min

I~~V 0 l T
(m A)

A G E -~1

"

I 1 I I I I I i

2001 2501 3001 3501
I

50 100 150 4001 4E,O 500 f,50

C
21971

!

38.421
!

A 1 10.21 15.78 18.63 26.891 31.2 47."171 51.94 68.37 82.37

T 26.091
!

2 9.45 14.83 18.43 20.37 31.1 38.42 46.971 50.741 68.17 82.17
H

25.89!
I ,

0 3 9.45 14.23 17.93 20.37 29.6 37.32 4577! 49641 '36.17 80.17
D

20.371
I ! !

E 4 9.21 14.63 17.93 2f,.09i 23.6 36.42 .44.87 49.64i 65.87 79.87

I I
5 9.21 14.63 17.93 20.37 2['.091 23.6 36.52 44.97 49.64 65.87 79.87

55.431 71.981
i ,

S 6 36.69 63.87 84.261 9E'.83 123.98 1E,9.3 16171 212.74 268.68
E

71.981
,
94.581122.731

,
c 7 35.61 53.96 63.83 84.26 156.6 160.1 210.54 266.48

T
63.631

,
I

I
8 34.93 53.42 63.28 31.76, 9-1.83 119.38 156.2 159.1 209.14 265.08

0 9
1

. 34.49 52.43 62.32 67.68 31.16 91.73 120.23 155.3 159.1 209.14 265.08
N I

10 33.22 51.72 62.12 65.68 77.261 87.73 117.43 152.1 160.2! 193.34 254.28
I

11 8.29 13.93 15.83 21.57 22.691 26.1 i 33.521 41.97 44.64 59.67 74.17

22391
i

,
12 8.11 13.73 15.63 13.67 26.1 33.52 41.971 44.64 59.67 73.67

18.471
1

13 8.11 13.73 15.63 22.491 26.3 33.22 41.67 44.84 59.67 73.07

17.971
I

45.241. 14 7.61 13.23 15.13 21.991 25.4 32.62 40.97 59.27 73.47

15 11.21 17.03 19.11 21.171 25.29 29.9 37.12 46.07 43.84 62.07 77.27

Total 265.8 412.7 487.6 547.3 6E.2.6 i 7.14.8 i 961.5 1222i 12801 1674.7 2095.7
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Table CM: Local Current of Individual Section lor Increasing Applied Voltage

Particle Size = 2mm (dia) Initial Bed Height = 15.0 em Flowrate= 11.4 Litl min

Temperature = 29 C Voidage = 0.75

I~-v0 L T
(m V)

A G E
I
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26.7!:ri 29.84 3fl.21 4~5.37150.04\ 66.27! 30.27

I I : ! !
914[ 101.41119.171 16U! 163.3i 214.68 270.73

91) 100.1 I 117971 1E.8.71 162J- 212.48 268.58

-T I 1~1 ~.. I ':>11083391 97.38 115.071 1E.8.3 ~ _ _ 267.18
I: .:! 1

37.0s1 97.281115.47 157.41 161.21 211.0S1 267.18
! : I I ;

34.41 93 23 ~112 67 1E.4.21 1i32.31 200.23 256.38, .
1 i24.051 2704 31.9 .12.07 44.74, 5977

I '
2375! 27041 31.9' 42.071 44.741 E.9.77

,! 1 ' '.122.87! 27.241 31.6.11.771 M94j 60.17
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22.611
I

609.9!

150

20.33

20.13

19.63

19.63

71.13

71.17

70.56

69.42

69.62

19.63

17.23

538.7

16.53

17.03

17.03

19.63

8.5 15.03

9.72 16.03

9.72 16.03

9.96 16.23

50 100

9.96 15.63

8.32 14.83

7.84 14.63

8.32 14.83

39.23 61.53

37.47 59.52

38.15 60.06

10.92 17.18

37.03 EoS.53

35.76 57.82

1{).44 16.93

281.34 454.8

4

2

3

1

6

8

5

7

9

11

15

10

12

13

C
A
T
H
o
o
E

S
E
C
T
I
o
N

Total

.
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Table C55: Local Current of Individual Sectic.n for lncre5sing Applied Voltage

Particle Size = 2 mm (dia) Initial Bed Height = 15.0 cm

Temperature = 29 C

Flown~te = 12.7 Litl min

Voidage = 0.75

I~-v0 L T
(m V)

A G E -~I
1 I

3001
I 1 1

50 100 150 2001 2501 350 .100 4501 500 550

C 30191
i I 1

A 1 11.28 17.95 21.66 25.97 37.43 47.39 55.11 54.1 ! 72.1 87.33
I
29.391 37.331 f.ol

iT 2 10.52 17 21.46 24.871 47.391 5291 71.9 87.13
H

24.371
' !

0 3 10.52 16.4 20.96 29.19! 3E'.33 46.29 f.34518; 69.9 85.13
D i

,
6961:E 4 10.28 16.8 20.96 24.37 28391 34.83 45.391 52.31 5181 84.83

16.81
! '

5181
I

5 10.28 20.96 24.37 23.39 i 34.83 4f•.49 52.9 69.6 3.4.83
.

8f.381 9' 861

i I
S 6 38.37 61.51 73.39 1182! 157.26 188.4 ••...•. 71 224.9 285.92q.U I ,6, .' !

E I
94361

, ,,
C 7 37.29 60.04 73.35 85.38' 1'16.9 156.06 18f•.? 166.1 ! 222.7 283.72

T
.

92.361 114.21153.16 16f•.118 . 36.61 59.5 72.8 32.08 185.3 221.3 282.32
I 1 i I

184.41
i

0 9 36.17 53.51 71.34 81.08 91.761 11A.1 i 153.561 165.11 221.3 282.32
N

37.861 110.1
! ! 1

10 34.9 57.8 71.64 79.081 1f.o761 181.2! 166.2! 210.f. 271.52
... ! I

11 9.66 16.4 19.16 25.37 26.291 32.63 42.79 E.O.2 A7.11 63.7 79.43

12 9.48 16.2- 18.96 22.97 25.99 32.6"3 42.791 50.21 47.11 63.7 78.93
i .1

13 9.48 16.2 18.96 22.77 26.091 32.83 42.49 49.9 Ani 64.1 78.33

26.291
1

AS.A],. 14 9.68 16.4 19.16 23.17 32.63 42.49 49.9 64 79.43

- 24.171 26991 34331 44.49
I

15 10.68 17.3 20.76 52.A 49.31 64.4 SO.73
! [ i

Total 285.2 464.8 566.02 655.9 733.91 918.9! 1217.8 1447 1332j 1773.7 2231.9
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Table C56: Local Current of Individual Section for increasing Applied Volt'ge

Particle Size = 2 mm (dia) Initial Bed Height = 1~,.0 cm

Temperature = 29 C

Flowrate = 14.6Litfmin

Voidage = 0.75

I~-v0 L T
(m V)

A G E -~I
! !

3001
1

50 100 150 2001 2E1ol 3E,O 400 4501 500 550

C I
,
3f'131

I
, II

t52.8 !A 1 8.93 15.65 19.36 23.671 27.39i 45.09 51.S1 69.3 35.03

T 19.161
,
3(,,03/ 50.61'2 3.22 14.7 22.57 27.09/ 45.09 t.2.6 69.6 84.83

H I I
0 3 8.22 14.1 13.66 22.071 26.89! 3353 43.99 51.41 49.51 67.6 82.33
0

13.66
1

22.07
i
32531 43.09 50.61 49.5! . 67.31 82.53/E 4 7.93 14.5 26.09!

12.071
i I I !

5 7.93 14.5 18.66 26.091
~..., 1":':) 43.19! f,O."'1 4951 67.3 82.53.,j"..•. l •••.•

i I

1624!s 6 33.07 56.21 68.09 80.08 89~,61 112.9 151.96 133.11 219.6 280.62
E , !
C 7 31.99 54.74 68.05 80.03 89.561 111.61150.76 lBO.4 160.31 217.4, 278.42,

T !
1801

!

I
8 31.31 54.2 67.5 76.781 87061 103.9 147.86 159.31 216 277.02

66.5)
!
103.s1 148.26

I
0 9 30.87 53.21 no.78 8S.46i 179.1 159.81 216 277.02
N I

104.31145.46 175.91
I

10 29.6 f.2.5 66.34 73.78 82.E,61 16091 205.2 266.22

l i 4791
i

11 7.36 14.1 16.86 '23.57 23.99 30.33 40.49 44~81 61.4 77.13

iI :
12 7.1S 13.9 16.66 20.67 23.69 30.33 40.49 47.9 A4.SI 61.4 76.63

23.791 30.f,3
!

13 7.13 13.9 16.66 20.47 40.19 47.6 45! 61.8 76.03
. I ,

"
14 7.33 14.1 16.36 20.87 23.99 ]0.33 40.19 47.6 413.1 j 61.7 77.1.3

!
15 8.33 15 18.46 21.871 24.69 32.03 42.19 50.1 47i 62.1 78.43

60641

, ,
To tal

!
869.411168.3 1'1'".)'11235.7 415.3 516.52 689.41 1393 '::'U':"J H24.2 2182.4
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Table C57: Local Current of Individual Section for Increasing Applied Voltage

Particle Size = 301m (dia) Initial Bed Height = 6.0 cm Flowrste = 5.3 UtI min
\

\
Temperature = 29 C Voidage = 0.9

-----'~IEGT A
(no V)

L

I
V 0

'4-
i ,

I i
50 100 150. ZOO Z50 ! JOO J50 I 400 4~0 ! 500 550

s ! , I I
, I

10.1 I I
1 4.34 6.65 s.z 11. I 1$.6 I 13.9 ! 14.1- 1-1.7 i 2.8.2 32.9

! j
,

IE
I ,

2 3.58 5.7 8 9 11.2 13.5 13.9 I 14 1-0.5 i 2S 32.7
I I I

I3.58 5.1 7.5 8.5 1l ! 12 U.8 11..S 19.4
!

1-6 30.7 IC 3 I j I I
!

I
I i I !

4 3.34 5.5 7.5 8.5 ! 10,l
,

11 11,9 11,9
,
19.4

! 25,7 i 30.4 IT I i I

I ,-- I

I ' .,. i II I I !
5 3.34 5.5 7.5 8.5 I 10,1 I 11 12 12 19.4 ( _.5" ! 30.4, !

I ! ins I I ! I6 11.51 17.21 ZO.45 22.8 I '23 -l- .;0". 24.2. 25.7 39 50.1- 69.1
0

"8 I J 21..5 ! I
I T 66.97 10.43 15.74 ZO.41 ~~.:2-3 23 23 37.4 i 48

N 2o.s I 19.8
, I

8 9.75 15.2 19.86 19.5 10.1 21.6 36.4 I 46.6 , 65.5
I i i!

9 9.31 14.21 18.9 18,5 I 19.9 ~ 19.7 10.5 21.7 36.4 , 46.6 65.5

16.5 i
,

I I
10 8.04 13.s 18.7 16 I 1':: "'!" 17.7 18.5 ."l" .c: 35.8 54.7I ...... .)..' •.•... I

I
! I

,
I I I11 3.12 5.6 6.2 10.5 8.6 I 9.3 I 9.8 9.8 I 15.1- I 20.3 15.5

I
I I

9.8 I 1"' 1'03 I12 3.04 5.4 6 7.6 8.3 i 9.3 9.8 ~-~ •.••. ! ,A,". ~.~

i I
9.5 I 15.4 I13 3.04 5.4 6 7.4 8.4 ! 9.5 9.5 :2-0.7 24.4

14 3.24 5.6 6.2 7.8
I

8.6 I 9.3 . ! 9.5 9.5 16.5 I .20.6 15.5I I
I

I15 4.24 6.5 7.8 8.8 9.3 ! 11 11.5 12 17.4 21 2-6.8I
I

Total S4 132.8 169.21 186.8 I 200.2 I 211 210.1 ", ..,...,. 366.8 463.7 606~'J>.'.'

..
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Table COO: Local Current of Individual Section for Increasing Applied Volt3ge

Particle Size = 3mm (dia) Initial Bed Height = 13.0 em

Temperature = 29 C

Fj,:,wrat. = 7.9 LiU min

Voidage = 0.9

I~ v 0 L T A
(m V)

G E

50 100 150 2001 2501 :;-00 350 400[ 4501 500 550
C

107T
.r !

A 1 4.51 7.04 8.56 12.66 14.23 14.66 18.21 26.8! 33.1 ! 35.95, !T 2 3.75 6.09 8.36 9.6 11.S6! 14.13 14.66 131 25.6! 32.9' 35.75
H ,

11.661 12.63
,

9.11
,

0 3 3.75 5.49 7.86 13.56 16.8 2451 30.9 33.75
0 I " IE 4 3.51 5.89 7.86 9.1 10.361 11.63 12.66 15.9 24.[, 30.6 33.45

5.89'
T i

5 3.51 7.86 9.1 10.361 11.63 12.76 16 24.t.j 30.6 33.45

27.241
I

s 6 12.19 18.73 21.92 25.2 25.64 26.32 41.7 5941 69.81 81.3
E

25.64
1

26.04
1

391
i

C 7 11.11 17.51 21.38 25.2 25.02 57.S! 67." 79.1

T I
8 10.43 16.77 21.33 21.9 23.14 22.321 23.14 38" 56.sl 66.2 77.7."I

-6010 9 9.99 15.73 20.37 20.9 22.f.4 22.22 23.54 3d 66.2 77.7~ .ul
N

18.221
I 1 (,,5.4110 8.72 15.07 20.17 18:.9 13641 20741 34.5 57.9 66.9

.

9.261 99) 10(,,61
I

25.1111 3.39 5.99 6.56 11.1 13.3 20.3 23.55

12 3.21 5.79 6.36 n'} 39~r 9.93 10.56 13.8 20.3, 25.1 23.05o.~

;
9061

,
20.51 25.t",!13 3.21 5.79 6.36 S! 10.13 10.26; 13.5 27.45

8931 2161
I

14 3.39 5.99 6.55 3.4 9.26 10.26 13.;", i 25.7 23.55
! !

15 4.5 6.89 8 9.6 .9.96 '11.73 12.36 161 22.7J 25.8 29.85

To tal 89.17 144.8 130 2051 nor 230 243 347 5201 610.5 697.5
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Table C59: Local Current of Individual Section for inGreasing Applied Voltage

Particle Size = 3mm (dia) Initial Bed Height = 6.0 em

Temperature ::: 29 G VQidage = 0.9

I~~v0 L T A
(m V)

G E

. , i I I I
50 100 150 2001

,
300i 350 .tOOi 4[,0\ 500 5502501

C
11.8! " :

I
29.91

A 1 4.34 7.38 9.23 13.351 15.231 15.36 20.51 35.8 38.721

T T II 23.7!2 3.58 6.43 9.03 10.7 13.091 15.13 15.36 20.3 3:1.6 38.52
H

1021
i

! . ,
36.ozI13631 1426i

, ~~6'0 3 3.58 5.831 8.53 12.89j 19.11 .::1 .' r 33.6
0

,
13361 1821

!
E 4 3.34 6.23 8.53 10.2 12.091 1263 27);; 33.3 36.22

, iI
134615 3.34 623 8.53 10.2 12.091 12.63 -18-3 27.6! 33.3 36.22

,I 30.041
I

S 6 11.51 20.13 24.57 29.6 30.56 30.32 i 50.9 7181 30.6 92.4
E 1 .

70.21C 7 10.43 18.66 24.53 29.6! 30.561 29021 28.34 43.2 78..4 90.2

T 26.31 23061
I
25.941

,
18.12 26.321

,
8 9.75 23.98 47.8 69.21 77 88"

I
.0,

25.31
I I

0 9 9.31 17.13 23.02 27..16 i 2~.22 26.34 46.9 69.21 77 83.3
N ! I !

10 8.04 16.42 22.82 23.3 23.~16.122.22 23.541 43.7 7031 66.2 78

10.491 1093
I

11 3.22 6.33 7.23 12.21 11.26 16.1 23.41 27.9 31.32

12 3.04 6.13 7.03 I 1019! 10.93 11.261 16.1 2341 27.9 30.829.3,
I
l1d

I ,
13 3,04 6.13 7.03 9.1 10.291 10961 15.3 ~3 "I 23.3 30.220'- ...• 1

!
24.7!14 3.24 6.63 7.11 9.7 10491 1103 11.06 1E'.3 ~o.., 31.32.,.•••.L

I I
,

15 4.24 7.23
, ,

25.s18.83' 1O.5! 1'.29! 12.63 12.96 18.3 28.9 32.42

Tot al 84 15f, 200 2381 2571 260! 264! 416 613! 692, 780.5, ,
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Table COO: Local Current of Individual Section for Increasing Applied Voltage

Particle Size = 301m (dia) Initial Bed Height = 6.0 em

Temperature = 2S G

Flowrste = 10.5 Litl min

Voidage = 0.9

~ V 0 L T A G E ~,
(01 V)

!
4001

,
500150 100 150 200 2E.ol 300 350 4E'O! . 550

C
,

33371
A 1 5.91 8.78 10.6 12.9, 15.161 16.73 20.16 23.1 44.07 51.47

I , ,
T 20161

,
2 5.15 7.83 10.4 11.8 14361 16.63 22.91 32.171 43.87 51.27

H
14161 2171

i

0 3 5.15 7.23 9.9 11.3 15.13 19.06 31.Q71 41.87 49.27

0
, ,

31071
,

E 4 4.91 7.63 9.9 11.31 13.36 14.13 18.16 20.3 41.57 48.97

5 4.91 7.63 9.9 11.3 13.36 14.13 18.26 20.9 31.07 41.f.7 48.97
i

, I
05601s 6 17.79 25.73 30.05 341 35.64[ 36.3 49.24 61.3 u . ul 113.84 143.38

E ! !
C 7 16.71 24:26 30.01 341 35.64 35 43.04 53.6 84.os1 111.64 141.18

3071

, IT 8 16.03 23.72 29.46 33141 32.3 45.14 ErS.2 83.03i 110.24 139.78
I
0 9 15.59 22.73 28.5 29.7 32.E.4 32.21 45.54 57.3 33.03 110.24 139.78
N

C'4 p!10 14.32 22.02 28.3 27.7 23.64 23.2 42.74 Eut.1 \J • U' 99.44 128.98

11 4.79 7.73 8.6 13.3, 11761 12.43 16.06 18.7 26.87 36.17 44.07

12 4.61 7.53 8.4 10.4 11.46 12.43 16.06 18.7 26.87 36.17 43.57

13 4.61 7.531 8.4 10.2 11.561 12.631 15.76 13.4 27071 3'3.17 42.97
- .. ! i

14 4.81 7.73 8.6 10.4 11.761 12.43 15.86 18.4 28.17i 36.47 44.07

.! ;j !
36.67/15 5.81 8.93 9.98 11 12.4114.33 17.76 20.9 29.17! 45.27

2701
!

To tal 131.1 197 241 29!:,i 3051 408 494 717, 940 1163
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Table C61: Local Current of Individual Secti'On f'Or Increasing Applied V'Oltage

Particle Size = 3mm (dia) Initial Bed Height = 6.0 em

Temperature:::; 29 C

F")wr~te := 11.4 Lit! min

Void8ge = 0.9

1~-v 0 L T A
(m V)

G E --~I

..

2EfOI
I

'100I 450!50 100 150 200 300 3501 500 550
C . I d ,
A 1 6.22 9.78 11.9 14.54 16.621 17.57 18.44 23.1 33.371 44.07 51.47

T 1562/ 18.441 d i2 5.26 8.83 11.7 13.44 17.47 22.9 3217/ 43.87 51.27
.H

15.421 15.971 17.341 217/ 31071a .3 5.26 8.23 11.2 12.941 41.87 49.27
0

14.621 14.97
i f I ,

E 4 5.02 8.63 11.2 12.94 16.441 2081 31.071 41.57 48.97

12.941 14.621 14.97
i 15 5.02 8.63 11.2 16.54 20.91 31.07i 41.57 48.97

I ! !S 6 18.23 29.73 35.25 40.f.6 40.63\ 39.7 42.33 6131 35.71 113.68 143.38
E

40.681
I , I ! I

c 7 17.15 28.26 35.21 40.56 33.4! 41.13' 5B.iSl 3411 111.481 141.18
T

37.26! 38.181 3571 3311
!

8. 16.47 27..72 34.64 38.23 f:.O ') 110.08' 139.78
I

...'u ..•.

a 9 16.03 26.73 33.7 36.26 36361 35.6 38.63 57.3 3311110.08 139.73
N

35d 842110 14.76 26.02 33.5 34.26 33.68 31.6, 54.1 99.23 123.93

13.021
I

11 4.9 8.73 9.9 14.94 13.27 14.34 18.7 26.371 36.17 44.07,
! ,,

26.37112 4.72 8.53 9.7 12.041 12.721 13.27 14.34 1B.7 36.17 43.57

11341 11.841 13.47
! !

13 4.72 8.53 9.7 14.04 18.41 27.071 36.57 42.97
.. _.

12.251 13.271 2317114 4.94 9.03 9.9 .12.24 14.04 18..4 36.67 44.07

13.691 14.91 d I15 5.84 9.63 11.3 13.24 19.2 20.9 29.071 36.37 45.27

3301 330.21359.311
I I

Total 134.54 227 280 320 4941 71"7j' 940 1163
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Table C62: Local Current of Individual Section for Increasing Applied Volt8ge I

Particle Size = 3mm (dia) Initial Bed Height = 6.0 em

Temperature = 29 C

Flowrate = 12.7 Lit! min

Void age = 0.9

~ V 0 L T
(m V)

A G E -~I
1 I

450150 100 150 200 250 300 350! 400 500 550

C !
22.56! 28.73

I
A 1 6.58 10.55 13.23 16.5 18061 30.63 35.131 47.4 56.03

T 2 5.32 9.6 13.03 15.4 17261 22.46 28.73 30.43 33931 47.2 55.83
H i

20.96[ 27.63
i

0 3 5.32 9 12.53 14.9 17.061 29.23 32.331 45.2 53.83

D .

16.261 32.831
E ;I 5.58 9.4 12.53 14.9 19.961 26.73 28.33 44.9 53.53

16.261
I

5 .5.58 9.4 12.53 14.9 19.96 26.83 28.43 32.33! 44.9, 53.53
i I

s 6 20.47 32.81 40.57 48.4 47.24 59,641 33.52 91.42 92.721 127 161.62

E I i I I

C 7 19.39 31.34 40.53 48,4! 47.241 58.34! 32.32 38.72i 51,12i '124.8 159.42

T 1 i ,
90.12[1 88.32]

I
8 18.71 30.8 39.98 45.11 44.'74 i 55.64J 79.42 123.4 158.02

,
44.141 55.54

I ~i I0 9 18.27 29.81 39.02 44,1 79.82 87.42 90.121 123 ..4 1~.g.02

N
40.241 84.221

i
10 17 29.11 38.32 42.-1 :,1.5.4 77.02 91.221 112.6 147.22

16.91
! I 23.63! 39.~.i11 5.46 9.5 11.23 14.66
'

18.26 24.63 26.23 43.63

i 1'='?6!
. I i

12 14.361
I
"" 1;3i5.28 9.3 11.03 --, .. 141 ~.- 24.63 26.23' .•••\.1. oJ 39.5 43.13

I

14.461 ~'R03!13 5.28 9.3 11.03 1381 13.46 24.33 25.93 39.9 47.53Lw.u I

1
14661

I
2993114 5.48 9.5 11.23 14.21 18.261 24.33 25.93 39.8 43.63

15z1 15.3131
! i i

15 6.48 10.4 12.83 19.961 26.33,.23.431 30.831 40.2 49.93

378.81
i ! i I

1039,71 1299.91To tal 151.2 249.8 320.12 ?C''") j .478.3 6651 719.91 769.71~'..1"_i
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Table C63: Local Current of Individual Section for Increasing Applied Volbge

Particle Size = 3mm (dia) Initial Bed Height = 6.0 cm

Temperature = 29 G

Flowrate = 14.6 Litl min

Voidage = 0.9

v 0 L T A
(m V)

G E

! 2E,ol
i

50 100 150 200 300 350 400 4t.ol 500 550

C
, I

33.56139.27 43.471
,

-"")771

A 1 7.14 12.42 16.5 18.63 23.16! - . , 61.4 75.7

22.361

I

T 2 6.38 11.47 16.3 17.53 27.6 33.56 39.07 47271 61.2 75.5
H

46.1710 3 6.33 10.87 15.8 17.03 22.16 26.1 32.46 37.37 59.2 73.5

0 46171
E ••• 6.14 11.27 15.8 17.03 21.36 25.1 31.56 36.97 58.9 73.2

I

5 6.14 11.27 15.8 17.03 21.36 25.1 31.66 37.07 46171 58.9 73.2

S 6 22.71 40.29 .. 53.65 56.92 67.64 302 , 102.84 1261 146.11 183 240.3

E , I
12331

I
18031

C 7 21.63 33.82 53.61 56.92 67.64, 78.9' 101.64 1440,1 238.1

T 93.741

,
179.41s

I

I
20.95 33.28 53.06 53.62 65.14 76.2 122.9 143.:.i 236.7

0 9 20.51 37.29 52.1 52.62 64.54 7611 99.14 122, 143.5! 179.4 236.7

N I
,
118.:::1 144.6110 19.24 36.58 51.9 50.62 60.64 72.11 96.34 16361 225.9

11 6.02 11.37 14.5 19.03 19.761 23.4 29.46 34.87 41.971 EI3.51- 68.3
_ ..- ... . 1

19.461 23.4['
I

16.131
, 1

12 5.84 11.17 14.3 29.46 34.87 41.97! 53.5 67.8

1f.td
I 1

13 5.84 11.17 14.3 19.56 2361 29.16 34.E17 .42171 53.9 67.2

16.33! 19761

I
,

l
14 6.04 11.37 14.5 2341 29.16 34.57 4327i 53.S 68.3

I
,

12.27
,

15 7.04 16.1 17.33 20.46 25.1 [ 31.16 37.07 44.171 54.2 69.6 .
i
'1459.71Tot al t68 305.9 418.22 442.7 fJ351 634 809.91 979.1 1'1701 1890
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Table C64: Local Current of Individual Section for Increasing Applied Volt3ge

Particle Size = 3mm (dia) Initial Bed Height = 9.0 cm

Temperature = 29 C

Flowrate = 5.8 Lit! min

v 0 L T
(m V)

A G E -~I

'.

zoo 1

I
3501 4001 4f,01 500

1

550
1

50 100 150 2f,01 300

C
, T 1 1

33-"171
A 1 6.54 11.f05 14.13 17.07 2163[ 2E~.97 30061 36.17! 50.41 61.7

1

T
I I rI !

2 5.78 10.6 13.93 15.97 20.831 25.87 30.061 3E'.97 3tS.97 i 50.2 61.5
H , 1 !

35.8710 3 5.78 10 13.43 15.47 20631 24.37[ 28.96 34771 48.2 59.5

0 1
23371

I i

E 4 5.54 10.4 13.43 1f'.47 19.83! 28.06 33.37i 35.371 47.9 59.2
I
23.371

i
35.371

,
5 5.54 10.4 13.43 15.471 19.83: 28.16 33971 47.9 59.2

1
73.231

I i
s 6 20.31 36.81 44.17 50.63 61.521 88.8.4 11361 1049i 1391 184.3

E I
71.931 37.641

i
103.31

C 7 19.23 35.34 44.13 50.63 61.E.21 110.91 136.8 182.1

T ! , I ! I

I
8 18.55 34.8 43.58 47.33 59.021 69.231 84.74 110.51 102.31 '135.4 180.7

46.381 53.421
1 '

0 9 18.11 33.31 42.62 69.18 SEI.1.4 109151 102.3! 135.4 180.7
N 1 I

66.181
1
106) 103.41

,
124.61

10 16.34 33.1 42.42 44.38 54.:.21 32.341 169.9

I i 1
11 5.42 10.5 12.13 17.47 13.231 21.67 25.96 31.77 31.67! 42.5 54.3

! I ,
12 5.24 10.3 11.93 14.57! 17.931 21.67 25.96 31.771 31.67 42.5 53.3

i
--r---- i

13 5.24 10.3 11.93 1.&.37 13.031 2137 25.66 31.471 31.87 A2.9 53.2

I ! I
14 5.44 10.5 12.13 14.77 13.231 21.67 25.661 31.47[ 32.971 42.8 54.3

15.771
I 1 r I15 6.44 11.4 13.73 13931 23.37 27.66 33.971 33.87 43.2 55~6

1
489.1l082.1

; 1
Total 150 279.3 347.12 336."11

,
395.91 704.9 86091 1129.7 1470
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Table C65: Local Current of Individual Section for Increasing VApplied Voltage

Particle Size = 3mm (dia) Initial Bed Height = 9.0 em

Temperature = 29 C

Flowrste::;: 7.9 Litl min

v 0 L T
(01 V)

A G E ~I
300!

,
4E,0150 100 150 200 2ErO 350 4001 t.()O 5".Al

C
16.431 I I

A 1 6.71 9.24 10.76 12.9 14.361 16.36 20.4, 291 35.3 38.15
,

T 2 5.95 8.29 10.56 11.3 14.06 16.33 16.36 20.2 07")1 35.1 37.95_ .U

H
13S€1

1
,,

0 3 5.95 7.69 10.06 11.3 14.83 lE'.76 191 213.7! 33.1 35.95

0
2671

E 4 5.71 8.09 10.06 11.3 13.06 13.83 14.36 13.1 32.8 35.65

.5 5.71 B.09 10.06 11.3 13.06
1 13.83 14.96 1321 267i 32.3 35.65

I

S 6 15.39 21,93 25.12 23.4 28.84 29.52 30.M 44.9 62.61 73 84.5
'-

E 1
,
!

C 7 14.31 20.71 25.08 28.4 28.84 28.221 29.24 .:12.2 61! 70.8 82.3

T
I

26341 601
I

8 13.63 19.97 24.53 25.1 26.34 25.Es2 .41.8. 69.4 80.9

23,[121
,

53.110 9 11.29 17.08 21.67 22.2 23.34 24.34 39 67.5 79
N I

10 10.02 16.37 21.47 19.941 35.Sl
,

68.220.21 19.E.2 22.04 59.2! 56.7

; I
, iI

11 4.39 6.99 7.56 12.1 10.26 10.93 11.56 14.3 21.31 26.1 29.55

996! 10931

,
12 4.21 6.79 7.36 9.2 11.56 1.4.8 ~'1 31 26.1 29.05- . I,

10061 '11.~ 11.261 I
13 4.21 6.79

I 14.51 ''''-1 ~ i.7.36 9 "- ."-': 26.5 23.45

10.261 11.261
.j

14 4.39 6.99 7.55 9.4 1~ 14.5) 22.6i 26.7 29.55

10~,i ;I 12.731 13.36
I ,

15 5.5 7.89 9 10.96 17 23.71 "~" 30.85.oC.t:J.u

2332! 24821
I I

To tal 117:.37 173 200.2 2E,8.21 271.2 37E'.2 EI48.2! 633.7 725.7
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Table C66: Local Current of Individual Section for Increasing Applied Voltage

•••

Particle Size = 3mm (dia) Initial Bed Height = 9.0 em

Temperature = 29 C

Flowrste;::;c 8.9 Litl min

Voidage = 0.61

I~_v0 L T A
(mV)

G E-~I

.

I , I
50 100 150 200 250 300 350 4001 450i E,OO 550

C 1 I

A 1 6.24 9.23 11.13 13.7 1f,,79 17.13, 17.26 22.4! 31.31 37.7 40.62

T 14991
, I

2 5.48 17.03. 17.26 22.2
,

3061 37.5 40.428.33 10.93 12.6
H - !
0 3 5.48 7.73 10.43 12.1 14.79 15.53 16.16 21 29.5! 35.5 38.42

0 290.1
E 4 5.24 8.13 10.43 12.1 13.99 14.0.31 15.26, 20.11 35.2 38.12

I
13991

' I I i
5 5.24 8.13 10.43 12.1 1<1.531 1E'.36 20.21 29.:.j 35.2 38.12

t '
53.3! 79.21s 6 18.91 27.53 31.97 37 37.96! 37.721 37.44 88 99.8

E I I 36.24
I

7761
I

C 7 17.83 26.06 31.93 37 37.96 36.42 EI5.Bl 85.8 97.6

T 5fl.21
,,

I
8 17.15 25.52 31.38 33.71 35.46 33.72 33.34, 761:>1 34.4 %.2

! ! ,
0 9 16.71 24.53 30.42 32.7 34.86 33.62 33.741 51..3! 7661 34.4 %.2

N ,
29.621 30.941

i ,
10 17.4 15.44 30.22 30.7! 30.96 51.1 ! 7771 73.6 85.4

1
184!

I

11 5.32 7.59 8.16 12.7 10.86 14.53 15.16 24.91 29.7 30.7

11531
!

12 4.81 7.39 7.% 9.8 10.56 12.16 15.4 21.91 26.7 29.65
.

10 61-!-,d
"1 !

13 4.81 7.39 .7.96 9.61 11.86 15.1[ 22.1 i 27.1 29.05

.
I i

14 4.99 7.59 8.1EI 10 10.861 11.53 11.86 15.1 i "3',,1 27.3 30.15••.•••••• 1

I ! m,l 20115 6.1 8.49 9.6 11.21 11:561 13.33 13.96 27.4 31,45

To tal 141.71 199.1 251.1 287 300•.25, 31.2.5 318 4621 85frl 735.5 821.9
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Table C67: Local Current of Individual Section for Increasing Applied Voltage

Particle Size = 3mm (dia) Inilial Bed Heighl = 9.0 em

Temper"ture = 29 C

Flowrste= 10.5 LiU min

Yoidsge =: O_8~1

I~---V0
L T A

(01 V)
G E --~I

!

50 100 150 200 2:101 300 350 400 450 500 550

C
1- 3-1

I 1
A 1 8.11 10.98 12.8 15.1 I. t> 18.93 i 22.36 25.3 35.57 46.27 53.67

T 2 7.35 10.03 12.6 14 1656 13.331 22.361 2~f.1 ! 46.07 53.4734.37,
H

23.910 3 7.35 9.43 12.1 13.5 16.36 17.33 21.26 33.27 44.07 51.47
D

20361 33.27!E 4 7.11 9.83 12.1 13:5 15.56 1'3.33 23 43.77 51.17
.

16.33/
I j

5 7.11 9.83 12.1 13.5 15.56 20.46 23.1 33.271 43.77 51.17,
44.041 r I I 94.08 j 122.24S 6 26.19 34.13 38.45 42.4/ 44.7 57.64' 69.7 151.73

E . !
43.41

' . 1

C 7 25.11 32.66 38.41 42.4 44.041 56.44 67 92.431 120.04 149.58

T
66.61

;

9' 4pl
I

8 24.43 32.12 37.86 39.1 41.54 40.7 53.54 •. u i 113.64 148.18
i0 9 23.99 31.13 36.9 33. 1 40.94, 40.6 53.94 6f'.7 91.431 1-18.64 148.18

N
37.041 3'i61 0.1.14 i !

10 22.72 30.42 36.7 36.1 62.5 92.:13! 107.34 137.38
1

1491
i i i

11 6.39 9.33 10.2- 13361 14.03 17.66' 20.3 23.471 37.77 45.67

12
1 1306! H031

,,
12 6.21 9.13 10 17.6lS 20.3 23.471 37.77 45.17

13.161 14231
,

44.57
1

13 6.21 9.13 10 11.8 17.36 20 23.67) 37.77

! I 17461
. 201

,
14 6.41 9.33 10.2 12 . 1336114.031 29.77' 33.07 45.67

15 9.01 12.13 13.18 14.21 15.661 17d 20.96 24.'1 -.~ '>71 39.87 43.47C"._,' i

367.61
I

Total 193.7 259.6 303:6 3326 367.f3 470.6 5E16.6 •.•..,r. r< I 1002.6 1225.6,! I ;j. ':)I
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Table C68: Local Current of Individus! Section for lncre3sing Applied Ve.lt3ge

Particle Size = 3mm (dia) Initial Bed Height = 9.0 em

Temperature = 29 G

Flowr8te =11.4 Lit! min

Voidsge = O.8~,

I~-v 0 L T A
(mV)

G E

, i ! ; I
450150 100 150 200 2501 300 3501 4001 500 5.."0

C
19.221 21.041

,
A 1 8.32 12.38 14.5 17.14 20.17 25.7 35971 46.67 54.07

T 16.041 d ' 25.5j 3477[2 7.86 11.43 14.3 18.22 20.07 i 21.04 46.47 53.87
H

1~-541 1" Ol")! 13.571 19.841 33.6710 3 7.86 10.83 13.3 u. .:.... 24.3 44.47 51.87
0 I

17.22! 17.571 19.041 23.41 33671E 4 7.62 11.23 13.8 15.54' 44.17 51.57
.

17.571
! , ,

5 7.62 11.23 13.8 15.54 17.22 19.141 23.51 33.671 44.17 51.57

~_0.331

,
s 37.73 4868! 6:d

;
6 26.23 43.25 43.56 47.7 93.7112163 151.38

E I
92.11119.48C 7 25.15 36.26 43.21 48.56 43.681 46.4 49.13 66.6 149.18

T
45.261 46.1:::1 4371 66.21

I

I
. 8 24.47 35.72 42.64 46.231 91.11 118.03 147.78

44.261 44.361 46.631
I ,

0 9 24.03 34.73 41.7 43.6 65.31 9U! 113.08 147.18
N ; , ;

10 22.76. 34.02 41.5 42.26 41.68 39.6 43.83 62.1 92.21 107.28- 136.98

-11 6.7 10.53 11.7 16.74 14.82 1:'-.07, 16.14 20.5 i 23.B7j 37.97 45.87
... , I

12 6.52 10.33 11.5 13.841 14.52! 1507[ 16.14 "'051 '>" 6,i 37.97, 45.37,,-. ...0. I

13.641 1E-.271
, , ,

13 6.52 10.33 11.5 13.64 15.841 '>o,i ,>0<'71 33.37 44.77•....•..•...v.v.

11.71
! i I .'

14 6.74 10.83 14.04 14.05! lE-.07 15.84 20.2i 29971 38.47 45.87

16.771 ' ,I15 7.64 11.43 13.1 15.04 15.49 21 ""'} : .- n"'7 38.67 47.07L~. 7 i ,;l0.'"

3421
I ! , I -791332!

,
Total 196.54 289 3921 3&2.2 421.311 ~,56j r ( ! 1002 1225
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Table C69: local Current of Individual Section for Inore.sing Applied Volt"ge

Particle Size = 3mm (dia) Initial Bed Height = 9.0 em

Temperature = 29 C

Howrs!e = 12.7 lit! min

VoidBge ::; 0.35

I~_v0 L T A
(mV)

G E-~I
50 100 150 200 2f!O! 300 350 400, 450! 500 550

C I
31331

~
I

20.66!
I

501A 1 9.18 13.15 15.83 19.1 i 25.16 33.23, 37.731 58.63
,

I I
33.031

iT
,

2 8 ..42 12.2 15.63 13i 19.861 2E'.06 31.33 36.531 49.3 58.43
H ,I 19.66T 23.E06 35.4310 3 8..42 11.6 15.13 17.5 30.23 31.83 47.8 56.43
0 I I ,
E .4 8.18 12 15.13 17.51 1" "6i ':'2 ',6 29.33 30.93 35.431 AI.f, 56.13U,U •....••

17.E.1
, I i

5 8.18 . 12 15.13 18.861 22.:16 29 ..43 31.03 35431 47.5 56.13
!

100i 101.31s 6 29.07 41:.41 49.17, 57 55.341 68.24 92.12 135,6 170.22
E

55.841
I

97321
I

c 7 27.99 39.94 49.13 57 66.94 90.921 9~L72i 133 ..4 163.02

T I I,
I 8 27.31 39,4 48.58 53.7 53.34 i 64.24 88.02 96.92 93.721 132 166.62

0 9 26.87 38.41 47.62 52.7 5274! 64,141 88.42 96.02 98721 132 166.62
N I I I I

10 25.6 37.7 47.42 E<O.7 48.3.4] 60.141 35.621 92.82 99.821 121.2 155.82

11 7.56 11.6 13.33 19 I 20,36 26.731 23.331 30731 41.6 50.73116.76,

16.461 20,36
I

12 7.38 11 ..4 13.13 16.1 26.73 28.33 30731 41.6 50.23

13 7.38 11.4 13.13 15.9 16.561 20.56 26.43 28.03 3093! 42 .49.63
I

16,7,,1 20.36
I

14 7.58 11.6 13.33 16.3 26.43 28.03 32031 41.9 50.73
I

28431 3053i
.!

I
17.461 ,.,., G'"'!15 8.58 12.5 14.93 17.3 22,06 .....:....Ji 42.3 52.03

I ! ITotal 217.7 316.3 386.62 445.3 448.51 546.3 731,5 786.4! 836,2i 1106.2 1366.4
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Table C70: local Current of Individual Section for Increasing Applied Voltsge

Partiele Size = 301m (dia) Initial Bed Heigh! = 9.0 em

Temperature = 29 C

Fl')wrste = 14.7 UtI Olin

Voidsge:::: 0.35

I~~v 0 l T A
(mV)

G E -~I
I 2501

I
50 100 150 200 300 350 400 4E.01 500 5E'()

C
25461

!
A 1 9.44 14.72 18.8 20.93 30 3E'.86 41.:,7 50.771 63.7 78

T 2 8.68 13.77 18.6 19.83! 24.661 29.9 3E'.8G 41.37 49Ni 63.:' 77.3
H i
0 3 8.68 13.17 18.1 19.33 24.46 23.4 34.76 40.17' 43.471 61.5 75.8
0

19.331
i

E 4 8.44 13.57 18.1 2366 27.4 33.36 39.27 43.471 61.2 75.5
I i

5 8.44 13.57 18.1 19.33 23.66 27.41 33.96 39371 4347; 61.2 75.5
I

, !
S 6 28.81 46.39 59.75 63.02 7374i 86.3 108.94 132.1 1E,2.2i 139.1 246.4
E . i ,
C 7 27.73 44.92 59.71 63.02 73741 8E. 107.741 129.4 150.61 136.9 244.2

T I
71.241 149.61I 8 27.05 44.38 59.16 59.72 82.3 104.84 129 185.5 242.8 .

0 9 26.61 43.39 53.2 58.72 70.64 Q') ..., 105.24 128.1 149.61 185.5 242.8u.•......:..

N
56.n! ' I ,

. 10 25.34 42.68 53
I

1507[ 174.7 23266.74; 73.2 102.441 124.9

20.931
;

31.361 43.87111 7~92 13.27 16.4 . 21.66 25.3 36.77 55.4 70.2
; , I

12 7.74 13.07 16.2 18.031 21.36 ?'i 31 31.36 3'3.77 43.871 ' 55.4 69.7---
17.831 21461 3'3471

!
13 7.74 13.07 16.2 25.5 31.06 44.Q71 55.8 69.1

13.27
1

! J I . I i ,
14 7.94 16.4 1° 'y'l 21.66! 25.3 31.06 36.47 i 45.17 i 55.7 70.21J,L...j

22.361
I i

15 8.94 14.17 18 19.23 271 33.06 38.971 4607 i 56.1 71.5,
6?5_5! 861.4 10311

!

Total 219.5 357.4 469.72 494.2 586.5l 12221 1511.2 1941.5
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Table C11: Local Current of Individual Section for Increasing Applied Volbge

Particle Size = 3mm (dia) Initi,,1 Bed Height = 12.0 cm

Tempersture = 29 G

floWT:3te ::= ~ •. 3 Litl min

Voidsge ::::0.8

I~-v0 l T A
(m V)

G ---~-~I
i i i i i wo!50 100 1~'() 200i 2!:;Oj 300 350 4001 4f,01 550

C
19611

I i
! , I 531

.

"'1"'\ -'71 .,
A 1 9.14 14.15 16.13 24.231 23.57 32.66! -..JO.f'i 40./ I 64.3

"34J
,

52.81T 28.47 32.66
I i

64.12 9.14 13.2 16.53 13.t:.7 .L . ..j. I 38.E,71 33.57:
H !

18.011 23.231 26.97
! ,

0 3 8.38 12.6 16.03, 31.56 37.37 38.471 50.3 62.1
D

18.071
! I

E 4 8.1.4 13 16.03 22.431 25.97 30.66 36.47 33.47, 50.5 61.8

I I i5 8.14 13 16.03 18.07 22.431 25.97 30.76 36.57 33.47, 50.5 61.8
I i

S
,

11216 27.41 43.91 51.27 57.78 68.62 80.33 95.94 1207 146.1 191.4
E

"0 6" I 94.741 110.41C 7 26.33 42.44 51.23 57.73 'Jo •.••. ";"1 79.08 118 143.9 139.2

T I
109.41

I
8 25.65 41.9 50.68 54.48' 66.121 76.33, 91.34 117.6, 142.5 137.3

i ! ,
0 ,

65.52! 76.28' 109419 25.21 40.91 49.72 53.43 92.24 116.7 142.5 137.8
N

49.581
I I

108.6159.721
,

10 22.04 38.3 47.62 70.38 87.54 111.6 129.8 175.1

"" ! i I !
11 1.52 12.6 14.23 1""..".'li 20.33 [ 23.77) 28.061 33.37 33,771 44.6 56.4

I I I I
12 1.34 12.4 14.03 16.67 20.031 23.77 28.06 33.371 33.771 44.6 55.9

20.131 23.97 I I I
13 7.34 12.4 14.03 16.47 27.76 33.571 33.971 45 55.3

14 7.54 12.6 14.231 16.87 "03,,1 "" r; "7 76! . 35071 44.9 56.4,,;. ..•. ~i L..~_ I I ~. I 33.57

15:83! 21031
I ' .1 I15 8.54 13.5 17.87 'f':: 471 "1976 36.07 35.971 45.31 57.7.:..•••1.. .:... .•

, I ~ '" ')! !

7'321
! I !

1527.11Total 201.86 336.91404.221 4531 ._4t;.•_\ 63921 94.3.21 9181 1186.3 i
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Table C12: Lom,1 Current of Individual Section for increasing Applied V,)lt3g"

Particle Size = 3mm (dia) Initial Bed Height = 12.0 em

Te~perBture =: 29 C

flCtwrate = 7.9 Lit! min

Void8ge ::: 0.8

I~-v 0 L T A
(m V)

G E --~I
I .

I , , I - ,
331

IC
,

15'3i 17.E,'3 i 195'3 !
, ,

40.851
A 1 9.41 11.94 13.46 19.13 23.1\ 31.7j

! , I !
305/ 40.651T 2 8.65 10.99 13.26 14E.1 16.76' 19.03 19.56 22.91 37.3

H ! I ,,
29.id0 3 8.65 10.39 12.76 14 16.5'31 17.E,3 18.46 21.7! 35.3 38.6E,

D
141

I
20.81 I

E 4 8.41 10.79 12.76 15.76 16.[.3 17.56l 2&.4i 35.5 38.35

141 17661 20.91
! I

38.35!5 8.41 10.79 12.76 15.76 16.E.3 29.41 35.51

35.81
1

E'23!
I

,
S 6 22.79 29.33 32.52 36.24 36.921 37.34 70! 7E'.7 87.2
E i

36.621

,
496[

I

C 7 21.71 28.11 32.43 35.3 36.24 36.641 68.41 73.E. 85

T
,

6741
I

8 21.03 27.37 31.93 32.5 33.74 32.92 33.74 49.2 72.1 83.6
I

65510 9 18.69 24.43, 29.07 29.61 31.24 30.92 32.24 46.4 70.2 31.7
N j ,

-.i10 15.32 21.67 26.77 25.51 25.241 24.82 27.34 41.1 ';;45 59.4 70.9

! j

17.E,1
I

11 7.09 9.69 10.26 14.3 12.96! 13.631 14.26 24! 23.8 32.25

12.661 13.63
.

241 23.8112 6.91 9.49 10.06 11.9 14.26 17.5 31.7E.
00

13 6.91 9.49 10.06 11.7 12."76 13.83 13.96 17.2 2421 29-2 31.1E.

13d 17.21 i14 7.09 9.69 10.25 12.1 12.96 13.96. 25.3 29.4 32.25
I , I !

15 8.2 10.59 11.7 13.31 13.66 lE •.43' 16.06 1S'.7 j 2641 29.5 33.55

270.11

,
i I

679.21
,

To tal 14'9.27 234.9 295.11 310.1 ; 320.1 333.1 437.1, 610 1 ! 766.2
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TableC73: local Current of Individual Section for Incressing Applied Voltage

Particle Size = 301m(dia) Initial Bed Heigh! = 12.0 cm

Temper3ture :=: 29 C

Flowrote =8.9 Lit! min

Void~ge ::: 0.85

L T A
(01 V)

G E -~I
2001 2501 4001

i
50 100 150 300, 350 4E,0[ 500 550

C
16.11

1
19.~,31

i i
A 1 8.64 11.68 13.531 18.19j 19.66 24.3 "l4 '1: 40.1' 43.02.:> .Li
T

-r !

2 7.88 10.73 13.33 15 17.39! 19.43 19.661 24.6 331 39.9 42.82
H 1 !

18.561
!

! !

319!0 3 7:88 10.13 12.83 145i 17.19! 1.7.931 23.4 37.9 40.82
0 I

1B.3Si
I I.

E 4 7.64 10.53 12.83 14.5! 16.~3 17.%1 22.5 31.91 37.61 40.52
-l- ! ! !! !

22611633!
,

37.615 7.64 10.53 12.83 14.5J 1'393 17.761 31.9; .40.52
, ! I 1

S 6 26.31 34.93 39.37 44.4 4E'.36I 45.12 44.84 €ft.71 86.Bi 95.4 107.2
E 1 1 ! !

C 7 25.23 33.46 39.33 44.4 4E•.36! 43.82 43.64 631 0"1 93.2 105O~lj

T
!

i I !

6261
i1

41121 40.741
I

8 24.55 32.92 38.78 41.1 i 42.361 841 91.3 103.6

0 I
42261 4-1.021 41.14' 6ul

!
9 24.11 31.93 37.82 40.1 i 84! 91.8 103.6

N !
38.3~7021 38.34

I
10 24.8 22.84 37.62 32.11 58.0 85.1 ! 81 92.8

I T
11 7.62 9.89 10.46 15' 13.1';1 16.831 17.46 20.7 27.2! 32 33

12561 13:,31
!

12 6.81 9.39 9.96 11.8 14.16 17.4 2391 28.7 31.65
. I I

1711 24'1113 6.31 9.39 9.96 11 (5f 12.661 13.731 13.86 29.1 31.05

! !
1 1711 ~".'" 114 6.99 9.59 10.15 121 12.361 13.53 13.86 "'- •••1• .:.... 29.3 32.15

15 9.1 11.49
i 1

12.6 14.2 14.561 16.331 16.96 20.6 27.3] 30.4 34.45
1 I i , i

795_81Total 2~2.01
' , ,

378.31 522.3[ - "'I259.4 311.4 347.3j 365.I:,5i 372.81 1.1 ...., .....• 882.2
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Table C74: local Current of Individual Secti.on for Increasing Applied Voltsge

,\'
\

Particle Size = 3mm (dia) Initial Bed Height = 12.0 em

Temperature ::;:29 C

Flowrate ~ 10_~.Litl min

Yoid.8ge = 0.35

I~-v0 L T A
(m V)

G E ~I
250! 3001

I I
50 100 150 200 350 4001 4f.01 500 550

C
197'31 21.33 2nl

I
A 1 10.51 13.38 15.2 17.5 24.76 37.971 43.'37 f<6.07

i I
,

T 1'~ 4 i
I , i I

48.47
i

2 9.75 12.43 15 b. ~123! 24.7(; 27.51 36.771 Ee5.S7
H i T I i

0 3 9.75 11.83 14.5 15.9 13.761 19.731 23.(;(; 26.3; 35.(;71 46.47 53.87
0

1591
i

25.41 35671 53.571E 4 9.51 12.23 14.5 17.96! 13.73 22.76. 46.171

5 9.51 12.23 14.5 15.9
..• ,'1' n 7"JoJ 22.36 2f•.51 35.671 46.17 53.5711.961 1"/~1-,-

75.9!
!

s 6 32.39 40.33 44.65 43.6 E.O.24! ~IO_9 63.34 1003! 123.44 157.98
E

48.61
1

4961
I I

126.241C 7 31.31 38.86 44.61 50.241 62.641 7";' "11 83.631 155.73'-""l
T

45.31
! I

72.31 97.631 '124.34
I

8 30.63 38.32 44.06 47.741 46.9' 59.74 1ful.3S
I 1 97.631 124.340 9 30.19 37.33 43.1 4431 47.14, 46.8 60.14 71.9 154.38

N I ., i J." 0 I 63.7i
I

10 23.92 36.62 42.9 42.31 43.._.~, A..V) 57.34 93.73i 114.04 143.58, II
3067!11 8.59 11.53 12.4 17.1 15.0.61 16.23 19.36 22.5 39.97 47.87

12 8.41 11.33 12:2 14.2 15.26) 16.23 19.813 22.51 30.671 39.97 47.37
! ,

22.21 30.871141 1~ 3" I
I

39.97113 8.41 11.33 12.2 ...'. ?! 16.43' 19.56 46.77
I ,

31.271•14 7.91 10.83 11.7 13.51 14.86 1 t:'.!:,3 18.96 21.5 39.57 47.17
I 1

15 11.51 14.63 15.68 16.7 13.16 20.03 23.46 266[ 34.37! 42.37 50.97

38621 411.21
I I ,

Total 247.3 313.2 357.2 421.21 524.2 '310.21 33321 1056.2 1279.2
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Table C75: local Current of Individual Section foOr Increasing Applied Vo:oIt3ge

Particle Size = 3mm (dia) Initial Bed Height = 12.0 em Flowrste '=11.4 lit! min

Temperature = 29 C Voidage = 0.8

I~ v 0 l T A
(m V)

G E ~I

8.72 12.53

8.9 12.73

29.56 40.32

11.32 14.88

550

56.57

56.37

54.37

54.07

48.07

154.58

143.78

46.67

49.17

43.971

48.97

39.97 47.37

i
41.871 50.27

1059.8! 1232.8

36171 46.67 54.07

i100.5, 128.43 158.18
I

93.91 126.23 155.98

I
97.91 124.88. 154.53

36171 ,
!

36.17j

97.91124.83
I

99! 11408
I

30.37i 40.17
•,

30.871 40.171 47.57
, I!

31.071 40.57[ 46.97
I

31471

28 37.271

33.47

400 4E.0

I
26.81

25.9

26!
76.11

22.7

I
73.41

731
721!

68.91

22.4

22.7

2171
i (

2f,.91 34.071, .
6133! 8368:

23.54

23.54]

22.441

21.54

350

21.64

I
50.41 E.3.43

46.4 E.0.63

17.27 13.34

T
2:101 300

!
21.721 22.67

20.721 22E.7i
i !

20.521 21071
I,

19.721 20.07
!,

19.721 20.07
T

55.431 E,4.5
1

56.43! [13.2
i

~12.9BI 50.5

51.161

f
48.431

T
17.021

!
15.8.t1i 1"i.47 18.04

! I
lE•.55! 16.E.7' 17.34

T
13.69( 18.97 24.2

449.3) 450; 479.11

i
16.721 17.271. 18.34

200

19.64

18.541

18.04

18.04

13.041

15.84

15.54.

13.241

150

17

16.8

16.3

16.3

16.3

48.5 51.06

48.3 49.06

13.9 13.94

13.7 "16.04

13.7

16.3

13.2

50.01 55.36

49.44 52.061

50.05, 55.36

399.8 439.8

12.53

12.33

!
14.63

8.72

8.24

50 100

10.36 13.33

10.36 13.93

10.12 13.73

33.03 44.53

10.12 13.73

31.95 43.06

30.83 41.53

31.27 42.52

10.84

254.34 346.8

1

2

3

5

6

8

9

7

10

11

12

13

14

15

C
A

T
H
o
o
E

S
E
C
T
I
o
N

Total
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Table C76: Local Current of Individual Section for Increasing Applied Voltage

Particle Size = 3mm (dis) Initial Bed Height = 12.0 cm

Temper3ture = 29 C

FIQwr~te :;;;12.7 Lit! min

VoidsQe: ,:::::0.3

I~ v 0 L T A
(m V)

G E ~I
r! ,

50 100 150 200 2[.0' 300! 350 400 4;,.oi ;'000 550

C
, I 1 i ' i !

A 1 11.63 15.65 18.33 21.6 23.161 27.66 33.83 35.73 1 40.231 52.f- 61.13
i ,

33.831 35.53 38.031T 2 10.92 14.7 18.13 20.E." ')') 36 i ')7 ',6 52.3 60.93•....•.... •... ....
H

201

,
32.731 34.33

I
5031

I
0 3 10.92 14.1 17.63 22.161 26.06 37.93! 58.93
0 I I

, ! Ii ! :I
2;',061 31.831 33,43 37931E 4 10.63 14.5 17.63 20 2136! 50 58.63

5 10.68 14.5 17.63 20 21.36! 25 06 31.931 33.531 37.931 E,O 58.63

S 6294!
1

108.416 36.17 48.51 56.27 64.1 n'.34' 99,22 107.1 142,7 177.32
E I 62.941 74041

! i : ,
C 7 35.09 47.04 56.23 64.1, 98.021 104.41 106.81 140.5 175.12

T I i
,

: ,
I ,

I 8 34.41 46,5 55.63 60.8 130,44i 71341 95.121 104 10El.31 139.1 173.72

0 9 33.97 45.51
I i

1058L 173.7254.72 59.8 E.9.34I 71.24( 95.52 103.'1, 139.1
N ! '1 I I I

10 32.7 44.8 54.52 57.8 ;'6.941 67.241 92,72 99.921 106,91 123.3 i 162.92
I ! '

. 4411

,
11 10.06 14.1 .~15.83 .:--. 21.51 19.261 22,86'29.23 30.831 33231 53.23

i I
'"}'""1 C'6 j

,
12 9.88 13,9 15.63 13.6' 18.961 ':" •••. L' 1 29.23 30.331 33.23 44.1 52.73

13 9.88 13,9 15.63 13.4 19.061 23.06 23.93 30';"31 33.43 44.6 52,13
!

19261 2286! 44.4114 10.08 14.1 15.83 18.8 23.93 30,53, 34.E,3 53.23

19961 24.56
I

15 11.08 15 17.43 19.8 30,93 33.031 35,43 44.8 54.53- i
5091 606S! 846,91 896,7 1-Hi6.7! 1426.9376.s1447.dTotal 278.2 50e'.3! 792
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Table cn: Local Current of Individual Section for Increasing Applied Voltage

Particle Size = 3mm (dia) Initial Sed Height = 12.0 em

Temperature = 29 C

Flowrate = 14.SLit! min

Voidage = 0.8

I~ v 0 L T A
(m V)

G E ~I
3001 350!

, - , II
400! 450!50 100 150 200 2!:IOj 500) f60

C i , ! [,
,,591A 'I 11.64 16.92 21 23.13 27.6" I 32.2 38.06 43.77, 52.9li 80.2

T ,
22.03) 26.861 32.1 i 38.061 517712 10.88 15.97 20.8 43.~,7, GEI.7 80

H
21.53[ c,- 61;1

I , j
0 30.61

,
3 10.88 15.37 20.3 .••.':J. ~ i 36.96 42371 50.671 "3.7! 73

0 ! I / I . I ' ,
25.GBf 4147 ro ,:;"i "34iE 4 10.64 15.77 20.3 21.53 296! 3'3.061 . 'i ,! . ,'I 77.7

5 15.77 21.Ef3! '" ",-I I
41 ~i71 '0 ""! I

10.64 20.3 ~,,"I_•••••'b , 29.6 36.16! .••. "J. ,; '33.41 77.7

30.041 92.61 115.241
: i I

S 6 35.11 52.69 66.05 69.32 3M ! !)" ,:.I 195.4' 252.71 0.41 1..." ....11
E

69321
,

91.31114.04
i
1569!c 7 34.03 51.22 66.01 80041 13f'.71 193.2 250.5

T
66.02j

,
8861111141 13c,.31

:,
I 8 33.35 50.63 65.46, '77.54) '155.91 191.8 249.1

I ' I ,
0 6~,.O21

i , , I ,
9 32.91 49.69 64.5

,
83E,1111.54i 1344/ 15",.91 249.176.941 191.8

N
73.041

i ! I I
.. 10 31.64 48.93 64.3 .63.02 84.5! 108.74! 131.2 ."157 : 1311 233.3

i ! I
72.4'11 10.12 15.47 18.6 23.13 "3 "'61 "7 ."I 33.56 38.97 46071 57.6L. .W i-:'- .....I

23.561 .., I ,
38971

, ,
12 9.94 15.27 13.4 20.23 J51 33.56! 4607! 57.6 71.9, i ! i
13 9.94 15.27 18.41 20031. 23.661 27.7 33.26. . 38.67! 46.27i 53 71.3

I ,
47.37114 10.14 15.47 18.6 20.43 23.861 27.5 33.26 33.£7 57.9 72.4,

24.561

,
21.431 2921

,
15 '11.14 16.37 20.2 35.26 .41.17 48.27i 58.3 73.7

I 1 I
10:341

!
Total 273 410.9 523.22, 5.47.71 6401 739! 914.9 -1275i 1564.7 1995
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Table C78: Local Current of Individual Sectic'., fo:,r Increasing Applied Vol19ge

Particle Size = 3mm (dia) Initial Bed Height == 15.0 em

Temper~ture ::: 29 G

I~~v0
L T A

(m V)

,~
.J E ---~

501

, , I I ii 2e,oi 3501100 150 2001 3001 400: 4ErO E.OO 550
1

, • I , --t-
C I

6.441
i 1

16.971 ')1 1=131 ' I 360711 11.45 14.03
Z-Ok co •.•• 29.96' 33.07 50.3 61.6

A
•.....•..• I .:.. ••••• I,.J I

I
15871

I ,
3F. 071

i
T 2 6.441 10.5 13.83 20.73i 0',771 29.96 3" n7' 50.1 61.4•...' .....• ' ~.Q !
H

.•.•••.•. ! ,

1f'.37I
i i , i i

0 3 5.68 9.9 13.331 "'0 ;:'3! 2,1.27l 'K' °61 3&.137 ) 35.77 ! 48.11 59.4.•.•~..... I ':"'-'.'~ I

0
13.331 15.37!

I i 1 i I
591 !

E 4 5.44 10.3 19.73! "'3~7i 27.861 33.Tli 35.771 47.8.:.. .• .:...1

1
1537!

1 ! i i
59.115 5.44 10.3 13.331 19.731 23.271 28.06 33.87j '),r::: -7! 47.8,...••._•. I i

46.d
1 i , i

107.31
i

S 6 22.71 39.21 53.081 63.921 75.68 91.24 116! 141.4 186.7

E !
53.031 63.92!

, i,
. C 7 21.63 37.74 46.!'031 74.331 90.04 113.3 : 105.7 ! 139.2 184.5

T I ! I I !
i0471

I
8 20.95 37.2 45.98 49.78! 6-1.42! 71.68 3714l 112.9i 137.8 183.1

!
BO.82(

,
1121'104710 7-11=:si

,
9 20.51 36.21 45.02 43731 . _'-'0 37.541 137.8 183.1

N 1 i
6;:,.68! 41 :

,

10 17.34 33.6 42.92 44.881 55.02i 32.84 106.91 103,91 125.1 170.4

- n7!
. I

26.361
i i

11 5.82 10.9 12.E,3 jn .,,1 ~,~07' prj 32.071 42.9 54.711.v. I 0..,:\, .• , ...:.:::. ,! ...:..! i
-t-.

i ,
26361

I i,
12 5.64 10.7 12.33 14.971 18.33-L 22.07 32.17i 32.07j 42.9 54.2

12.331 I 1'0 d !
')6 061 ~1 '0- i I

~
13 5.64 10.7 14.77; \.1 •.•• I

'J') ')71 •.. '. ,j.\.1 f 32.271
T

1~,.171 1n -3i 33.37!
I . .

14 5.84 10.9 12.531 ,~ 071 26.06 3"1.87 43.21 54.7
;\

0.13 I L,:".

. I
16.171

! '")4~7i
!

15 6.84 11.8 14.131 19331 23.77 28.06 34.37 -oJ .4. I 4361 56

; i ~.oo.IL;:193.7!
i
1141.31Total 162.36 291.4 358.72 407.5' 7i6.!', 897.7 "7~1=.' 1481.6() ,;;...,)!
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TableC79: Local Current of Individu~1 Secti('11 f,x Incressing Applied \/c,lt8-ge

Particle Size = 3mm (di"l Initial Bed Height :::::1f•.O em

Tell1pemture = 2:; G

F'(Iwr~te =7.9 Litl min

Void8ge = O.IE-

I~~v0
L T

(01 V)
A G E ____~I

I

2001 2501
1

3501

1 : !I
4001

i
50 100 150 300 450, 500 550

C
1291

I
2041

i

A 1 6.71 9.24 10.76 14.861 16.43 16.36 291 35.3 33.15

T ! i ;

2 5.95 3.29 10.56 11.31 14081 1G.33 16.36! 20.2 27.8/ 3t"1.1 37.95
H i

l' Q31

i I

0 3 5.95 7.69 10.06 11.3 13 n~1 15.76 1<,i 26.71 33.1 35.951.vol •.•.u !

0
11.31

i
13 "31 1.4.361

I I

E 4 5.71 3.09 10.06 13061 .0 I 18.1 ' 2671 32.3 35.65

5 5.71 3.09 10.06 11.3 13.06 13.83 1.4.96 13.2 2671 32.3 35.65

S 31.221 32.141
!

6 17.09 23.68 26.32 30.11 3O.Eu1 \ 46.6 6431 70 81.5

E
30.54!

,
c 7 16.01 22 ..41 26.78 30.1 29.92 30.94 43.9 6271 67.3 79.3

T ,
23.04! 27221

I

I
3 15.33 21.67 26.23 26.8 28.04 43.5 6U! 66 ..4 17.9

18.731
I i

64~.10 9 12.99 23.37 23.9 25.E.41 25.22 26.54 .40.7 593! 76
N I 1

3541
I

53.7119.541 21.64
1 I

10 9J>2 15.97 21.07~ ...19.8 19.121 58.31 G5.2

131
J I i

, I
')1.83 j '1"') -"')1 27111 5.29 7.89 3.46 11.1,:>! 12.46 1571 .:.....:..-.:...! 30 ..45

I
.- :

12 5.11 7.69 3.26 10.1 10361 '11.83 1246 1E,,7 22.21 271 29.95

9.91
I I

12161

I i !
10.961 12031

I
13 5.11 7.69 8.26 .If'.41 22.41 27.4! 29.35

! !
"}'" J'j i

14 5.29 7.89 3.45 10.3 11.16! 11.83 12.16 1~•.4! ~.~.L..i 27.6 30 ..45

1151
i

15 6.4 3.79 9.9 11.86! 1363 14.26 17.9 24.6 27.7 31.75

244.11
I I

386.; i 559_1- I
Total 128.27 183.9 219.1 2E.9.1 ! 26~.11 282.1 6'1r. "; 715.2.:.0 . .:..
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Table C80: local Current (if IndiYidu31 Section for Incre3sing Applied V.:r!t8.ge

Particle Size = 3mm (dia) Initial Bed Height '= 15.0 em Flowr;;;te = 3.7 Lit! min

Temperature = 29 C Void.9ge = O.7E.

I~ v 0 L T
(m A)

A G E ~I

19.4 17.44

7.7 10.09

6.22 8.49

87.4

40.72

99.6

31.6

98.2

98.21

550

40.52

38.22

38.52

38.22

101.8

29.65

30.25

30.75

33.Of.

836.7

500

37.6

90

37.8

35.3

75.6

86.4i

27.3

30.6

27.71

I
27.91

291
750.3

,
7"'61u. ,-.-
7971

I
25.S!

I
4501

31 ~I
.- I

I

3071

i
29.61

2%1
I

29.fJ!

01 ') Iiu ._

796i
1

78.61

I
','f ~ I.:.,:....~II,
22.7j

'j301'- - ••••• 1

I
25.&!,
B89.S!

4001
!

22.5i

200

13.3

12.7

1221
!

1221

12.2!
I

391

!
391

35.7j
i

34.71

!
32.71

I

13.61
!

10.A!

'>'.oi .1L"' 300, 350
i ,I :

15.891 17.231 17.361

1509! 17d 17.36/ 2231

14391 1t•.63! 16.26 21..11

, I', ;.,~ ..,!
14.09! 14.63 15.36, LV.LI

iii .
14.091 lA.63! 15.46, 20.31

I ! i )
39.961 39.72' 39.441 80.3j

! 38')4i 'I39.861 38.42 ._ I f.7.6:

37.461 35.721 35.3411 f.nt,
i I • i !

38.861 35621 3574i 0..6.31
Ii.: I

3296 i 31.621 32.94 i 53.11

il'11.761 15.43 16.061 1931
I.. I i

11.161 1213[ 1276L'61
! t J

10.2! 11.26i 1233 12.46 15.71
i I :

10.61 11.4"1 12.131 12.46 1f'.7i

12.8! 13.16i 14.931 10..561 19.2;
: ! I I i

301.S( 320.0ErI 327.3! 332.3: 476.8!

9.06

150

11.23

8.56

10.53

11.03

10.f.3

33.97

33.33

10.53

33.93

32.42

32.22

8.E16

8.751

1121
i

265.91

100

9.33

7.83

8.43

8.23

8.23

29.53
1

50

6.34

5.58

5.58

5.34

5.34

5.41 7.99

5.41 7.99

5.59 8.19

20.91

19.33 213.06

19.15 27.52

18.71 26.53

156.51 213.9

3

1

2

4

5

6

7

8

9

10

11

12

13

15

G
A
T
H
o
o
E

S
E
G
T
I
o
N

Total
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Table C81: Local Gurrent of Individual Secti.)n for Increasing Applied Voltage

Particle Size = 3mm (dia) Initial Bed Height = 1E•.0 COl Flown~te :=: 10.:1Lit! min

Temper3ture ::: 29 G Voidag'? == 0.7'5

I~ v a L T
(m I,)

A G E ~I
I

53.37

51.07

550
!

53.57

45.371

44.37

51.37

51.07

44.67

44.27

43.47

153.43

151.23

139.08

149.88

149.88

1231.7,

46.17

500

43.97

45.97

43.671
!

43.671

i
4::.01

35471

i
33.171

~3~71•..•. ' I

i
3317[

I
95.73\ 123.&4

i .
94181 121.741

,,
83.131 120.34

23.8.

1
400

71.4

63.7

68.3
! i

67.4! 83.18i 120.34

64.21 !14.281109.54
! i

2!JI 2:3.'!7; 37.47

20 I 2317-1 37.47
-+-- .

1 :
19.7~7! 37.47

191 23n! 37071

24.11 32371 39.371

1003.71

i I
33."741 33.31 52.84

i I I
13.06: 13.73! 17.36,

, , I
1~ri ""3' 1736L 0: I~.' I . I

--;- I I
1286~393i 17.06 [

12.361 13.03! 16.461
! ,

17:'".31 20.9611EI,861,
3B3.71

15

13.4 I

13.9

44.1

2:.0 I 300 I 350
. I

'")""! on31 ",,)"617...:..0I 1u.o I •.L..'-

16.461 18.731 22.26
I i I

16.26, 17.231 21.161
I I 1

13.4 15.461 1623.1 20.261
I ! i i

13.41 15.4!;[ 16231 20.361

4411 4:'74! 464! :.9341

45.74! 4511 53.14

43241 42.41 5:•.24
I !

4264! 42.3! 55.64

14.2

33371

12

12

12

9.9

9.7

150

9.7

9.2

12.5

12.7

.40.8
,

39.sl

38.4 '-37.31

14.6[
11.71

1151

111

38.6

40.15

40.11

39.56

13.13

309.7

7.01 9.73

50 100

R01 10.83

7.25 9.93

7.25 9.33

7.01 9.73

6.09 9.03

5.91 8.83

5.91 S.S3

5.41 8.33

9.01 12.13

26.81 34.36

27.89 35.83

26.13 33.82

25.69 32.83

24.42 32.12

199.3 265.7

1

3

2

5

6

7

8

9

11

12

15

14

13

10

G
A
T
H
a
o
E

S
E
G
T
I
a
N

Total
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Table C82: local Current of Individual Sect!.)n f,x Incre8sing Avplied Y."llege

Particle Size = 3mm (dia) Initial Bed Height ,...:'15.0 em

Temperature = 29 G V(lidsge = 0.7[,

I~-v0 L T
(rn V)

A G E
__ ~I

I

"

200!
! I

350[
I , I

3001
I ,

50 100 150 2~,O! 400: 4:.0j 5001 E60
C . i

19.121
i 3h 0....•.1 1

A 1 8.72 12.28 14.4 17.041 20.07 20.94 25.tl i '.l.Llt. 46.E.71 53.97

T 1997i 20.941 34'37 !
!

2 7.76 11.33 14.2 15.94 18.12 ~~ 4 46.37! 53.77.••~. I
H

15.441

, I
24.21~~.7i 44.37117!:121

i
0 3 7.76 10.73 13.7 ~8.~7!19.341 51.77
0 ! 1

j , '
E 4 7.52 11:13 13.7 15.441 17.121 17..17 13.94 23.31 33.571 44.07 51.47

! t i
440715 7.52 11.13 13.7 15.44 17121 17.47 19.04 23.41 33.:,7j 51.47

52.88!

,
I

97.91
!

s 6 30.43 41.93 47.45 52.76 51.91 t'ut53 735! 125.831 155_53
E -+I ! I ,

123.681 153.38C .7 29.35 40.46 47.41 52.76 5?QC" .1='061 53.33 70.81 "'33 i_.'-'\oJ1 '-. " ..
r I I --r- !

I 8 28.67 39.92 46.84 49.46! E.O~ 47.9 50.43 70.4 9:,.31 122.28 151.98

48.461 4731
i

0 9 28.23 33.93 45.9 48.561 50.83 69.5 953! 122.28 151.93
N

45.881
I ,,

10 26.96 38.22 45.7 46.46 43.81 48.03 663, 9S4! 111.43 141.13

16.341 14.421
: ,

! ----:,
15.741

,
11 6.3 10.13 11.3 14.671 20.11 28.27! 37.57 45.47

I I
I _.,

1.1.12112 6.12 9.93 11.1 13..14 ! 14.S7 15.74 20.1 j 23.:27 37.57 44.97
,

13241 14.871 1E'.44 I 19.8! 23.17
i

13 6.12 9.93 11.1 13.241 37.97! 44.37

9731
! ;1 I I. I

\
14 5.64 10.6 12.941 12.95 13.97114.741 19.11 28.87 37.37 44.77

. ! I ,
15 8'.24 12.03 13.7 1~164i 'S09! 17 ~7' ~161 ~3 31 .V n 39.27 47.67I . '! ....r.! ,,-. L _ ,:, l..~.

40031
: i . I

Tot al 215.34 307.8 360.8 410::,! 4]11440.111574.81 797_8 -1020.3 1243.3
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Table C83: Locsl Current of Individu.sl Section for lncressing Applied V(lit~ge

Particle Size = 3mm (dia) Initial Bed Height =150 em Fb)wr8te := 12.7 Litl min

Temper:ature .;:: 28 G

o
L .T .,t,. . _G__~_E =------;l

(mV) ~

6. 29.f.7 41.91 49.67

9 27.37 38.91 48.12

7 23.49 40.44 49.63
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53.33

56.33
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I50.631
[
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I
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53.841 64741 33521
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Table C84: Local Current of Individusl Secti,)n for ;ncreBsing Appiied Vo!t3ge

Particle Size = 3mm (dia) Initial Bed Height = 1E•.0 em Fk.V'.'fate = 14.'iLitimin

Temperature = 29 C Void'ge = OJ5

I~ v 0 L T
(m V)
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ITT 1 I
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i -r-' I
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20.8 32.9 42.62 A5.~1 44.04i 5~,.34! 80.32! 38.021

9.2 10.93. 1661 14.361 He,sT 24.331 2f'.93I
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13.51 14161 13.16 24.03 25,63
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Table D1 : Overall Limiting Current and Mass Transfer Coefficient For Particle Size = 1

mm at Different Initial Bed Height

Initial Bed Hei!!1lt(cm)

6 9 12 15

Flow Rate lL Kavx lL Kavx lL Kavx k Kav x 106

Liter/min m.amp 106 mls m.amp 106 mls mamp 106 mls m.amp . mls

5.8 227.55 1.31 243.18 1.4 303.98 1.75 272.71 1.57

7.9 243.18 1.4 269.24 ' 1.55 371.72 2.14 319.61 1.84

8.9 264.02 1.52 300.5 1.73 397.77 2.29
.

349.14 2.01

10.5 305.71 1.76 343.93 1.98 460.31 2.65 409.93 2.36

11.4 330.03 1.9 383.88 2.21 491.57 2.83 441.2 2.54

12.7 382.14 2.2 444.67 2.56 517.63 2.98 477.68 2.75

14.6 442.94 2.55 474.2 2.73 555.84 3.2 514.15 2.96
.,
16.3 416.88 2.4 449.88 2.59 531.52 3.06 595.05 2.85
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Table D2 : Overall Limiting Current and M ass Transfer Coefficient For Particle Size = 2
mm at Different Initial Bed Height

InitialBed Heieht (em)

6 9 12 15
Flow Rate lL Kavx lL Kavx lL Kavx lL Kavx 106Liter/min m.amn 106 m/s m.amp 106 m/s mamD 106 m/s mamn m/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 2.48 496.78 2.86 458.57 2.64
8.9 422.09 2.43 463.78 2.67 547.16 3.15 505.47 2.91
10.5 458.57 2.64 526.31 3.03 604.48 3.48 571.47 3.29
11.4 481.15 2.77 547.16 3.15 642.69 3.7 602.74 3.47
12.7 514.15 2.96 576.68 3.32 675.69 3.89 637.48 3.67
14.6 533.26 3.07 588.84 3.39 706.96 4.07 665.27 3.83
16.3 512.42 2.95 562.79 3.24 689.59 3.97 647.9 3.73
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Table D3 : Overall Limiting Current and Mass Transfer Coefficient For Particle Size = 3

mm at Different Initial Bed Height

Initial Bed Heieht (em)

6 9 12 15

Flow Rate IL Kavx IL Kavx IL Kavx IL Kavx 106

Liter/min In.lIIDD 106 m1s ffi.lIIDD 106 m1s ffi.amp 106 m1s m.lIIDD. m1s

5.8 420.35 2.42 437.72 2.52 498.52 2.87 460.31 2.65

7.9 468.99 2.7 500.26 2.88 566.26 3.26 528.05 3.04

8.9 491.57 2.83 533.26 3.07 616.64 3.55 574.95 3.31

10.5 528.05 3.04 595.79 3.43 673.96 3.88 640.95 3.69

11.4 550.63 3.11 616.64 3.55 712.17 4.10 672.22 3.81

12.7 583.63 3.36 646.16 3.72 745.17 4.29 706.96 4.07

14.6 620.11 3.57 675.69 3.89 793.81 4.57 752.12 .4.33

16.3 634.01 3.65 684.38 3.94 811.18 4.67 769.49 4.43
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Table D4 : Sherwood Number and Reynolds Number For Particle Size = 1 mm at Different
InitialBed Height

Initial Bed Heil!:ht(em) .

6 9 12 15

Flow Rate Re Sh*l<t Re Sh*102 Re Sh*l<t Re Sh*l<tLiter/min

5.8 273.34 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 98.63 148.48 84.81

8.9 416.76 70.06 277.84 79.74 208.38 105.54 166.7 92.64

10.5 492.69 81.19 328.46 91.26 246.34 122.14 197.08 108.77

11.4 533.18 87.57 355.46 101.86 266.59 130.43 213.27 117.07

12.7 597.30 101.40 398.20 117.99 298.65 137.35 238.92 126.75

14.6 685.04 117.53 456.69 125.82 342.52 147.49 274.02 136.42

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 (em)

6 9 12 15

Flow Rate Re Sh*loJ Re Sh*102 Re Sh*102 Re Sh*loJ
Liter/min

5.8 546.68 93.1 364.45 97.71 273.34 113.84 218.67 103.70

7.9 742.41 106.01 494.94 114.30 371.20 131.82 296.96 121.68

8.9 833.52 112.00 555.68 123.06 416.76 145.18 333.41 134.12

10.5 985.38 121.68 656.92 139.65 492.69 160.39 394.15 151.63

11.4 1066.4 127.67 710.91 145.18 533.18 170.53 426.55 159.93
.

12.7 1194.6 136.42 796.40 153.02 597.30 179.29 477.84 169.15

14.6 1370.1 141.49 913.39 156.24 685.04 187.58 548.03 176.52

16.3 1525.3 135.96 1016.9 149.33 762.65 182.98 610.12 171.91
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Table D6 : Sherwood Number and Reynolds Number For Particle Size = 3 mm at Different

Initial Bed Height

Initial Bed Height (em) ,

6 9 12 15

Flow Rate Re Sh*loJ Re Sh*loJ Re Sh*loJ Re Sh*loJ
Liter/min

5.8 820.02 11l.54 546.68 116.15 410.01 132.28 328.01 122.14

7.9 1113.6 124.44 742.41 132.74 556.81 150.25 445.44 140.11

8.9 1250.3 130.43 833.52 141.49 625.14 163.62 500.11 152.56

10.5 1478.1 140.11 985.38 158.09 739.03 178.83 591.23 170.07

11.4 1599.6 146.10 1066.4 163.62 799.78 188.97 639.82 178.37
,

12.7 1791.9 154.86 1194.6 171.45 895.95 197.72 716.76 187.58

14.6 2055.1 164.54 1370.1 179.29 1027.6 210.63 822.05 199.57

16.3 2288.0 168.23 1525.3 181.59 1144.0 215.24 915.19 204.18

175

•


	00000001
	00000002
	00000003
	00000004
	00000005
	00000006
	00000007
	00000008
	00000009
	00000010
	00000011
	00000012
	00000013
	00000014
	00000015
	00000016
	00000017
	00000018
	00000019
	00000020
	00000021
	00000022
	00000023
	00000024
	00000025
	00000026
	00000027
	00000028
	00000029
	00000030
	00000031
	00000032
	00000033
	00000034
	00000035
	00000036
	00000037
	00000038
	00000039
	00000040
	00000041
	00000042
	00000043
	00000044
	00000045
	00000046
	00000047
	00000048
	00000049
	00000050
	00000051
	00000052
	00000053
	00000054
	00000055
	00000056
	00000057
	00000058
	00000059
	00000060
	00000061
	00000062
	00000063
	00000064
	00000065
	00000066
	00000067
	00000068
	00000069
	00000070
	00000071
	00000072
	00000073
	00000074
	00000075
	00000076
	00000077
	00000078
	00000079
	00000080
	00000081
	00000082
	00000083
	00000084
	00000085
	00000086
	00000087
	00000088
	00000089
	00000090
	00000091
	00000092
	00000093
	00000094
	00000095
	00000096
	00000097
	00000098
	00000099
	00000100
	00000101
	00000102
	00000103
	00000104
	00000105
	00000106
	00000107
	00000108
	00000109
	00000110
	00000111
	00000112
	00000113
	00000114
	00000115
	00000116
	00000117
	00000118
	00000119
	00000120
	00000121
	00000122
	00000123
	00000124
	00000125
	00000126
	00000127
	00000128
	00000129
	00000130
	00000131
	00000132
	00000133
	00000134
	00000135
	00000136
	00000137
	00000138
	00000139
	00000140
	00000141
	00000142
	00000143
	00000144
	00000145
	00000146
	00000147
	00000148
	00000149
	00000150
	00000151
	00000152
	00000153
	00000154
	00000155
	00000156
	00000157
	00000158
	00000159
	00000160
	00000161
	00000162
	00000163
	00000164
	00000165
	00000166
	00000167
	00000168
	00000169
	00000170
	00000171
	00000172
	00000173
	00000174
	00000175
	00000176
	00000177
	00000178
	00000179
	00000180
	00000181
	00000182
	00000183
	00000184

