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ABSTRACT

An experimental investigation into the mass transfer
behavior in a fluidized bed, vertical parallel plate electro-
chemical reactor has been carried out. Dilute copper sulphate

solution (0.015 M) acidified with 1.5 M H,80, has been used as
electrolyte and copper electrodes have been used. Spherical glass
particles of sizes 3.0 mm,.4.5 mm and 6.0 mm have been used as
'the bed material. Mass transfer behavior has been studied

using the limiting current technique.

The effectsof bed voidage, electrolyte velocityrand
particle size on mass tfansfer rate have been studied. Optimum
bed voidage and velocities'for different particle sizes have
been found. Mass transfer correlations.have been found for
different particle sizes. It'hés been observed that the exponent

" on the Reynolds number decreases with the increase in particle

sizes of the bed materials. The correlations obtained are:

0.40

For 3.0 mm particles: StI'(Sc)z/3 = 0.0495 ReI-
For 4.5 mm particles: StI(Sc)z/.3 = 0.0384 ReI_O'30
For 6.0 mm particles: Stf(Sc)2/3 = 0.0195 Re 0" ?°
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= e INTRODUCTION

In électrochemical reactors, where one of the ‘reactions
is fést, the study of mass transfer is very important. Tﬂis is
especially important to the chemical qngineers because it
determines the maximum mass transfer rate at which the reactor
can be efficiently operatea. The maximum practical operating
‘current depeﬁds mainly on the hydrodynamic cdnditioﬂs préyalent
at the eiectrodes. Electrodepo%ition of ﬁetal from solutions
are-generally fast reactions and are important industrially
in processeé such as electrowinning, electrorefining ana electro-
~plating. |

Mass transfer studies of electrochemical processesrare
done in order to ensure .good quality deposits, because if the
rate of mass transfer is.ndf uniform and intensive over the
whole of the electrocde then poor or uneven deposition'may
occur. Generally operatién at low current densitieé gives good
©_quality deposiés but the rate of mass transfer is not uniform
over the whole of the electrode and locally high rates can
cause poor electrodeposition.‘Well defined and controlied
forced cbnvection can give rise to betfer andwuniform'rates of
deposition.

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

increase the specific electrode area. Agitation is the most
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important means by which the former may be significantly inc-

reased. The effects of increased solution concentration may -

be of comparable magnitude but flexibility may be limited by

considerations of solubility and déposit‘quality. In the past

decade there has been considerable effort in the research and

development of fluidized bed electrocheﬁical réactors,(gﬂthough
ingrt fluidized beds, in which nonconducting‘solid particles
are fluidized have received limited attention. Quantitative
analysis of mass traﬂsfer behavior and the optimum conditions
for operétion have not been studied throughly. . |

In the present research work; a parallel plate cell is
used due to ease of design, construction and maintainance and
for the uniformity of current distribution. The chosen shape
of the cell also provideé a surface area to vélume ratio second

only to particulate cells. This study utilizes the Cu-Cuso,

system. Since the cathodic reaction for the chosen system is mass

transfér control;ed, the use of sectioned cathodes enables
the current distribution and fiow devélopment to be studied by.
the limiting current technique. '

Experimental mass transfer data have mainly been obfained
in systems witﬁ long hydrodynamic entrance and exit regions
thus ensuring that the flow is fully developed. When applied
to the design of practical reactors such data fesul# 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 gndertakén torinvestigate the mass
. transfer rate in the catﬁedic deposition of copper from acidified
solﬁtions Qf copper sulphate using a fluidized bed cell with
~sudden expansion at the inlet and contraction at the outlet.
Different particle sizes of spherical glass beads have been
used to study the effect of particle size 6n mass transfer. The
cell has been operated under different flow conditions and initial
bed ‘heights to study the effect of flow rate and bed voidage
on the mass transfer. Although in the present system,'dilute
solutions have been preferred to keep the limiting currents
small and to cause slow dissolution of the anode, the experi-
mental results gathered can be adequately used for industriél
processes. |

Experimehtél results are presented and correlated for
different cell conditions. Comparisons have beenrmade'between

the present study and the previous relevant works.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

A review has been made on mass transfer theories iﬁ parallel
plate electrochemical reactors, main features of fluidizéd beds and
mass transfer iﬁ fluidized bed reactogs. Work done by the previou§
researchers in the'rélevant areas have aiso been included. The

basic electrochemical brinciples have been reviewed in Appendix-A.

2.2 Mass Transfer Theories in Electrochemical .Cells.

2.2.1 Mass transfer in parallel plate systems for fﬁlly developed .

laminar flow

At steady state and in presence.of excess indifferent elect-

roiyte, the flux equation may be written as

§C §C. § C §2C, §2C §2 C
1 1 1 1 1 1
U + U + U = D.( + + )
x S x Yy Sy Z 6z i° 542 5 y2 5 Z2
) (2.1}
whére,

U is the velocity -

D. is the diffusion coefficient of i

C. is the concentration of i.



For Pardllel plate reactors, considering flow in the %

direction, é@uation (2.1l' reduces to

.. o (2.2)

Leveque [17] obtained an, approximate solution of equa-
tion (2.2) for analogous heat and mass transfer CasesT His

“ solution was

Kd

o

sh = De = 1.85(Re Sc f"—’ y 173 (2.3).
.where,

Sh is the sherwood number

Re 1is the Reynolds number

'S¢ is the Schmidt number
. K . is the averége mass transfer coefficient

de 1is the equivaleﬁt diameter of the cell

L is electrode length.

Pickett and Stanmore [20} derived an approximaté relation-

A
ship for mass transfer coefficient in a rectangular duct of

finite dimensions, using parabolic velocity distributions in

the y.direction only, of the form

Sh = 1.467 (Re Sc de/L)l/3

(2/1+v) 173 (2.4)

M



where,
¥ is the aspect ratio, b/a

a is the width of the electrode
b is tﬁe distance between the electrodes

Tobias and Hickman (28] experimentally verified the

Leveque solution. They obtained

Sh = 1.85 (Re Sc de/L)1/3 O 2ED

for de/b > 1.85

which exactly tallied with the theoretical prediction.

LY

Pickett and Stanmore [20] correlated their experimental

data for a rectangular duct of aspect ratio_of 0.167 and 0.175

as
- 1/3 ,.0.292 de e
sh = 2.54 Re"’” sc =) o (2.6),)
Recently, Ali [ 1 ] hasicorrelated his experimental data
for a rectangular duct, as
° A=
0.49 1/3 (de/L)0‘22 _ (2.0

Sh = 1.21 Re”" Sc

which compares very favorably with the Walker and Wragg([31]

prediction.



2,22 ' Mass Transfer in Turbulent Flow
The most useful emperical expression available for mass
. . \ .
transfer in turbulent. flow is the Chilton and -Colburn [ 7 ]
analogy. Chilton and Colburn presented an emperical heat transfer
'relatioﬁship as

/3 0.2

o ' - o
. Jh = Sth(PF) = 0.023 Rg (2.8) .
where,

Sty is the Stanton number for heat transfer

-

Pr is the Prandtl number

Jh is the Colburn J factor for heat transfer

The righthand side of equation (2.8) 1is equal to half
the friction factor(f) defined as f= 0.046 Re—o'z, and this

leads to a general relationship for mass transfer as

‘st(sc)?/3 = £/2 = 0.023 Re70+2 £2.9,a).

or, sh = 0.023 Re®-8 sct/3 | | ' (2.9

where St is the mass transfer Stanton number

The equation (2.9) 1is the best known emperical correla-

tion for predicting mass transfer in turbulent flow and has been {
. . |

..;-_) 3

applied successfully to various flow systems.



Hubbard andiLightfoot [ 11 ] found from their experimental
studies that mass transfer in turbulent conditicns is best
represented by the Chilton and Qolbufn analogy in the ranges
of 10%<Re « 5x10% ana 1< sc < 1000.

“Ali [1] also performed some experiments and for length
Reynolds number greater than 1700, he represented his data by
the relationship

Sh = 0.063 Re?-?2 gcl/3

(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 Simultanecusly developing flow and mass transfer

Bird et al. [4] 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:

Kde 2

- - } | 11
Sh = = {Re Sc de/L) o . o (2.11)

Using electrochemical methods to measure mass transfer

coefficient entrance region for developing mass transfer boundary

.
i



layer, Berger and Hau [ 3] correlated their experimental data by

Sh = 0.0165 Re’'8% gc0:35 (2172)

Pickett and Stanmore [ 20] obtained an emperical equatien

0.6

sh = 0.145 Re?*® sc!/3(de/1) /4

(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.

Point of reattachment

£ P S ‘
B [ N
o ’ R R

e ———'

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

. : ¢ S ‘ ;
After sudden expansion, a secondary flow occurs in the

boundary layér 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 éentrifugal force than the slower particies near the
wall and this leads to secoﬁdéry flow directed out-wards in the
¢centre and ‘in-wards near the wall. Regions ofrboundary layer
separation and backflow are formed due to secondary flows and the
baqkflow in the bouhdary layer leads to the formation of eddies.
These eddies occur in regions where there is an adverse pressure
difference.

Krall and Sparrow [15] investigated the heat transfer in
the separated,'reattaqhed énd redeveloped regions in a circular
pipe by passing flow thrdugh orfiéés varying "from 1/4 to 2/3 of
the pipe diamefer. 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 Rejnold's
number. They aiso found that the position of maximum heat trans-
fer oécur at of position of 1.25 to 2.25 diameter.downstream
from the point of entryl In recent times, Runchal [25], Wilson[33],
and W;aég, Tagg and Patrick [34] have studied axial local mass
transfer distributions immediately downstream of sudden changes
in flow cross sectionai area using the limiting current technique.
Their results were in good agreement-with those of Krall and
Sparfow. They found the value of mass transfer co-efficient for
fuily developed turbulent flow to Be in agreement with the Dittus
Boelter equation.

Their correlation was

sh = 0.023 Re? 88 5c0-14 | (2.141
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2.3 Liquid-solid Fluidization Systems

2.3.1 Particulate and Aggregate Liquid Fluidization

When the flow of a liquid Ehrough a bed of solid particles
is gradually increased, a point is reacﬁed whén effective weight
of each particle is juét supported by the-.-drag on it. If there
is nothing restrainiﬁg the‘top surface, the bed at this point
transforms itself from a fixed.£o a fluidised bed. The velocity
.at inéipient fluidisation is called the minimum fluidisation
velqcity Umf‘ N

If the flow rate of the liquid is increased above the
minimum fluidisation velocity to produce a fluidised bed, éne
of the two things will occur; either the bed will continue to
expand so that the average distapce between the particles will
increase uniformly, or the excess fluid will pass through the
"bed in the form of bubbles. These two typeé of fluidizatién'are
referred to as particulate fluidisation and aggregate fluidisa-

tion respectively.

2.3.2 Pressure Drop Velobity Relationship

If a fluid is passed vertically upWardS through a bed of solid
particles, the pressure drop, &P, will initially rise as the velocify,'
U, is increased as shownrby the AB region in Fig. 2.2, The

relation between pfessure drop and velocity will be the same as
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that of a fixed bed. When the superficial velocity has reached
such a value that the féictional pressure drop is egqual to the
effective weight per unit area of‘the particles, any -further
increase in velocity must result in a slight upward movemen£
of the bed. The particles will become rearranged so .that the
resistance to fluid flow is decreased. In genergl the voidage

of the bed will increase and in an idealised system, the pressure

drop will remain constant as shown by the CD region of Fig. 2.2:

LogAp

r

Log U

Fig. 2.2t Pressure drop - velocity curve.

At this stage the bed is just fluidised; it is said to
be the point.of incipient fluidisation and the superficial
veiocity 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.
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2.3.3 Bed Expansion Characteristics

A number of workers have suggested that the most convenient
way of shoﬁing the variation of fluidizing velocity with voidage
is on a logarithmic plot since it gives a linear relationship.

This can be expressed as: -

U/Ui = | S  (2.15}

where U is the fluidisation.velocity and Ui is the fluidization
velocity at the voidage (e€) of unity.

The exponent, n,‘is a function of the ratio of particle-
diaqeter to bed diameter (dp/Dé and Refnolds number‘Rgt(=.Ut dp_pf/u ),
involving the free- falling velocity of the particles énd thé
size of the particles. The following emperical corfelations for
uniform sphgrical particles.wefe obtaiﬁed'experimentally-fqr Uir
and n by Richardson ~and Zaki (24]. |

“For fluidi;ation relatioﬁ between-Ui and terminal ééttling

velocity is:

_ _ ' " 2.16)
log Uy log U, dp(De_ | (
. | (2.17)
n = 4.65 + 20 d/D_ (Re, << 0.2) L
no= (4.4 + 18 d /p_.Re?-93 (0.2<Re < 1) (2.18) -
. | p o Rey '. " L) .. .18
-0.1 ' ,
- - 2.
n = (4.4 + 18 d_/D_ Re, (1<Re,_<<200) (2.19)
~ 0.1 . ' .
n = 4.4 Re, | (200 <Re << 500) (2.20)

n=2.4 . (Re,>500).. (2.21)
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0f all correlations, despite its limitations, Richardson

and Zaki correlation remains most widely used.

2.&&4 Bubble Formations in Fluidized Beds

It is very important to know the type of fluidization in
any practical application of liquid fluidized beds. The mass

transfer, heat transfer and mixing propertieé‘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 veoids. |

Transition from partiéﬁlate to aggregate fluidiéation
has been studied by many investigators and as a result a number
of models have been postulated.

The formal classification of fluidized systems as parti-
culate or aggregaté is due to the early work of Wilhelm ana
Kwauk " [ 32] based on the concept 6f interparticle. forces in the
vicinity of the bubbles. They suggested a dimensionléss group,
the Froude huﬁber at minimum fluidization, U2:./g dp, as a cri-
terion. From their experimental results they suggested, fofr
Frmf:>>>l, aggregate bghavior will be observed. For Frmf<:<il,
éarticulate behavior will dominate and for Frmf of the order of

the system is transitional.



2.4 Mass Transfer in a Fluidized Bed Electrode

2.3.1 Mass Transfer Correlation for Fluidized Bed - -Electrode

Fluidizétion répresents an essentially unstable situation
between packed bed operation and hydraulic transport. This implies
that relations describing transfer éoefficients for the above
operations will show much'similatity. The segrega%ion of the
phases in a fluidized béd leads to a transfer registance 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 concentratian 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:

c L
. St = constant Sc ReP (2.22)

where the {Stanton No. St ( = K/U) is a mass transport coefficient,
‘the Schmidt No. Sc (= v/D) describes the transport characteris-

tics of the fluid and the Reynolds number Re (= Udp/u ) describes
the pattern of fluid flow. Much of the early work on fluidised:
beds was correlated by means of the particle diameter d_, but

more recently the mean hydraulic diameter of the .voids has been



'copsidered to be.more appropriate in the case of inert particles.
This has been shown in Fig. 2.3 in which the bed is representgd

as a series of N hydraulic channels and (N+1) columns of particles.
For simplicity it is assumed that all channels aré of equal width.
It is also assumed that the velociﬁy in this channel is propor-
tional to the interstitial velocity, U, in the bed and that the
hydraulic diameter of this-chaﬁnel is proportions to the mean
hydraﬁlic diameter of the voids between the particles. For the

two dimensional section, the area of particles present can be

expressed as:

(N+1)L; &, = A(l-¢) | | o (2.23) .

,.‘.‘44_ __.’ ’ H:_ﬂ g;;ﬂ
ST I N O
AR
Joob o8 gy

SR B

e B0 058 =

lgtE e

- o C Q9 g (]
RN

3LR 8a .8 84,4

; — —f B ]

o

[

Fig. 2.3: Model for fluidized bed.

where A is the total area of section and e is the bed voidage.

The area of hydraulic voids is then given by:

P
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where dh is the hydraulic diameter. Eliminating Le from.equation
(2.23) and (2.24)
1- ¢

_ N - )
dp = (N+l) { . ). dh , (2.25.-)

Equatioh (2.25) can be further simplified by assuming that

(N/N+1)——r 1 where N is very large.

a = (=% a . - ' B (2.26)
Hence a modified Reynolds number can be defined usihg the hydra-

ulic diameter;

- U d e :
Re = _L - ’ (2.27)
I v(l-¢) o : :

where U_ is the actual velocity of fluid within the voids. This

is related to the superficial velocity U by:
Ue =10 (2.28)

Then by substitution;

- ud
Re, = TTi=¢) (2.29)

Defining Stanton Number in terms of superficial velocity as:

N ) \
.StI=K€/U , . (2.30)
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Hence the modified dimensionless correlation becomes:

St; = Constant (Sc)c'(ReI)b : : : - {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, A_ as:
C v . : . ’ E .
dy = ~m (2.32)

where kc is a constant. But as the volume of voids is given by.
vV, = Vﬁi » where Vb is the total volume of the bed. The surface/
volume ratio of the solid spherical particles is 6/dp, it may be

written as:

£ g . o
h = g L= (2.33)

If the value of kc 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. [16] used a system for the oxidation of
ferrocyanide ion and the reduction of ferricyanide ion. They
used equimolar solution of potassium ferrocyanide and potassium

ferricyanide (0.01M) with excess of indifferent electrolyte
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. (0.5N sodium hydréxide) was used as the fluidizing medium. They
used rockwood shot and glass spheres_of different sizes (1 mm to "
5 mm}) with annular elebtrodes..They obtained a correlation as:

-0.43

Jpe = 0.43 (Rey) | B (2.34)

D
Rama Rao and Venkata Rao [22] used a square channel packed bed .
instead of annular channel and they suggested the correlation,aé:

_ . .-0.404 -
Ipe= 0.79 (Rep) | | (2.35)

Carbin and Gabe [6] studied the mass transfer behavior
‘using cylindrical test electrode in a cylindrical bed. They used
ballotini glass beaés (p.l mm —~ 0.3 mm) such that De/dp;;80:1.
They found the maximum value of limiting current density at a
voidage e= 0.59. With their experimehtal reéults, they suggested
‘the correlation to be

st; (sc)?/3 = 1.24 re, 037 : ' (2.36)
Smith anhd King [27] studied the ionic mass transfer coefficients
between the wall of a tube'(Z")'and liquid fluidized beds of
lead glass, soda glass and lucite spheres using'diffusion controlled
reduction of ferricyanide ion at a nickel cathode fdr porosites

0.90 to 0.45 and Schmidt numbers 580 to 2100. The developed flui-

L -
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dization mass transfer coefficient for 41<:De/dp'<1105 were:

L - -0.38
Jpe = 0.274 Re;

for 10<CRe <1600 (2.37)
and by .

-0.44

J.e = 0.455 ReI

D for 16.7<D./d <27 - (2.38)

50<CRe << 3500

The distinct effect of De/dp ratio is attributed té thg
wall effects and non particulate behavior of the fluidized bed
for large size particles.‘

Coeuret and Goff [9i reviewed‘the préblem of mass transfer .
in an immeréed cylindrical surface and the liquid in a fluidized
bed of non cqnductiﬁg sphe?ical particles. Their electroiyte solu-
tion ﬁonsisted of equimolar solution (0.005 M) of Potassium
.ferrocianide  and fefricyanide with excess of indefferent electrolyte
(0.5 NaOH). Their data exibited a-maximum mass transfer coeffi- |

cient (K) at a voidage of 0.55<C € < 0.6. They found the correla-

tion to be:

J - 1.20 Re. 0-°2 | (2.39)

Walker'and.Wragg [31] performed electrochemical mass
experiments involving the cathodic deposition of copper from

aqueousﬁsolutions containing H2504 in a rectangular channel.
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They determined mass transfer rates at a plane'wall electrode in
the presence of a fluidized bed of glass beads. They'found the
correlation as:

0.39

J.e = 0.138 Re,

1 for for 0.936 <C Re1< 67

..... : (2.40%

They also found maximum mass transfer rate to occur at a voidage

of 0.7 ~_ 0.75.
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TABLE 2.1

Comparison of mass transfer correlations according to:

2/3 _ - b
StI. Sc = a ReI
Author (s) a b De/d System .Re; .. Sc Particle
‘ P : size { (mm)
Smith and 0.32 0.38 41-105 Cylindricai 0.7-" 580- -
King [27] ° _ . wall mass 1067 2100
. transfer
0.54 0.44 17-27 34- - -
- . 2334
Jattrand and 0.45 0.375 93-36 Planar test  6- 1250  0.220-
Grunchare[14} electrode in 200 - 0.780
' cylindrical '
. bed ‘
Jagannadharaju 0.43 0.38 8-27 Inner anode  200- 1300 1.54-
and Venkata - - of annular 3800 6.00
"Rao [13] : bed
Coeuret et 1.20 0.52 93-290 various 6- 1250 0.35~
al. [9] | : cylindrical 200 1.07
probes :
- .Carbin and 1.24 0.57 80-150 Cylindrical 0.1- 787~ 0.185-
Gabe [6] - test elect- 70 1777 0.355
rode in '
"cylindrical
bed
Walker and 0.@18 0.39 43 Rectangular 0.936- 2675 0.274-
Wragg[31] : Channel wall 67 0.548

Mass Transfer



CHAPTER 3

EQUIPMENT AND EXPERIMENTAL PROCEDURE

3.1 Introduction

A number of experiments wererperformed with a vertical
parallel plate cell havihg copper electrodes in fluidized condi-
tions. The electrolyte consisted of 0.015 M copper sulphate in
1.5 M sulphuric acid as the electrolyte. The copper - copper
sulphate system was chosen because unlike other systems it is
stable andlreﬁains uncatalysed by light. The cathodic reaction
is mass transfer controlled, has been used by previous workers
and has direct ﬁearing on existing electrochemical processes. The
cathqde was secfioned to allow current measurements to be madé
at various sections and this enabled to determine the mass transfer
rates at different poéitiﬁns iﬁ the cell to be determined. For
fluidization spherical glass beads of average sizes 6.00 mm, ,

4.5 mm and 3.00 hm were used to examine the effect of size and
voidage on mass transfer. The diameters of the particles were
experimentally determined by measuring the diameter of fifty

particles of each size and then taking the average.

3.2 . Main Experimental System

3.2.1 The electroiytiC'cell

The cell used in this stndy was simple in construction

with five main sections, the inlet section, the anode side, the
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cathode side, the side plates and the exit section. The inlet and
exit éections were provided to coﬁnect the céll to " PVC tubing;
All the five parts were detachable. The eleéﬁrolyte‘entergd‘at
the bottom and flowgd ﬁpwards. There was no entrance léngth SO
that the mass transfer boundary layer éﬁd hydrodynamic boundary
layer started at the leading edge of the_eiectrode. Figures Bi;,
3.2 and 3.3 shows fhe five main units of the cell with detailed
dimensions. Figure 3.4 is arsketch of the assembled cell with
relevant- dimensions as seen from the cathode side.

The cell was construéted by perspex sheet of i{2rcm thiék-
ness except the side walis. Both the anode and cathode sides had
the dimensions of 38.3 cm X 10.4 cm. The anode and cathode sides
were kept at‘a distance of 2 cm from one anotherjby side plates
(38.3 cm X 2 cm and 2.0 cm thickness). Thus the total effective
cross-sectionai flow area of the cell was 5 cmX 2 cm (=10 cm?2).
The anode was a piece of 3. 2mm thick copper plate (30 cm X 6 cm)
glued with Araldite into a groove of the.same size and depth of
3:2mmmade into the perspéx wall. The side perspex platés were
fitted along the long edges of the exposed anode and overlapped
0.5 cm frpm both sides of‘the anode and as such the total exposed
anode area was 30 cm X S cm (=150 cm?)}. The electrical cdnnectrions
were made with two 1,6mm diameter copper wires soldered to the
back of the anode through two 3.2mm holes drilled at two positions.

" The cathode was 30 cm long and 6 cm wide and made of
3.2mthick copper plate, but the wiathlof the elecfrode“exposed

in the cell was 5 cm due to ovcerlapping of the side plates in
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Keeping coformity with the anode.
The cathode was divided into fifteen sections from the

leading edge of the electrode, the lengths of the sections were

1.0 cm for the first five'(inlet) sections, 4.0 cm for the next
five-sections and 1.0 cm for the last five (exit) sections.

This is shown in Figure 3.3a. The cathode sections were
arranged in this manner as it was antiéibated that the current
and hence the mass transfer rates would vary significantly at
the inlet and exit regiogs of the cathode.SmaLler sectioné in
these portions enabled more accurate measurements of the wvaria-
tiéns in current distribution. Each cathode section was fixed
with Araldite to a groove of corresponding size cut into the pers-
pex sheet and separated.from the adjacent electrode bylthin strip
of perspex of 0.2 cm thickness. This facilitated the measurement
of the current in each section without interference from the ne-
ighbouring sections. Electrical connections to each cathode
sections were made with fifteen l.6mm diameter copper wires sol-
dered to the back of each cathode section through fifteen 3.2 mm
holes in the cathode side perspex plate.

The anode plaﬁe and side plates were joined together with
the help of ethylene dichloride solvent. The anode and the cathode
plates were joined together with three clamps at topl middle and
bottom regions. Two rubber éaskets wére used between cathode plafe
and side walls to minimise the leakage. The main cell body and
the inlet and outlet sections were joined together together with .4

m.m diameter brass tie rods through siz6.4mm holes in the inlet



Fig. 3.5: The Experimenta)l setup.



~and ekit,secfion flénges.Rubber gaskets were used between the
main cell bgdy and inlet, exit sections to prevent'leakagel'Finai
‘ily a thin layer of Araldite waé applied to all thersides to make
the cell_completely leakprobf.

‘The inlet and outlet po;tions’of the cell were of-inden-
tical 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'toll.S cm at the connection point to thé i" PVC tubing
for easy pressure fit. The size of the inlet and exit sectioﬁ
plates were such that (18.4 cm X 1074 cm) they served -as flanges
to provide adequate space for the tie rods. Two copper wiré
meshes were used to sqppbrt the bed pérticles and prevent them

from escaping in the flow pipings and pump.

3.2.2 The flow system

The whole flow syétem consisted of a pump, a cooler, two
rotameters, the electrochemical cell, a storage tank four two
way glass valves and PVC pipes and tubes. Except the pump, all
the major units were mounted on the experimental rig as shown in
Figure 3.5. Figure 3.6 gives a detailed schematic diagram of the
entire flow circuit.

AnlElectronidioren'Werke - Kaisef pump (220 v, 2.15 A,
0.25 KW and 50 Hz) with cqr}osion resistant plastic impeller and
casing was used to circulate the_acidified copper sulphate solu-

‘tion from a 25 Kg capacity plastic tank through the whole system.-

>
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The flow line consisted of i" PVC pipes and tubes and the flow
rate was measured by two rotameters of different rénges. The
calibration curve for each rotameter for 0.015 M copper sulphate
in 1.5 M sulphuric acid are.presented in Appendix B. The flow
th;ough the cell was adjusted by using the flow bypass and the two
way Pyrex 34" glass valVes_fitted before each rotameter. The flow
direction in the cell was always verticaliy upwords. A cooler

was used to prevent the increase of the electrolyte temperature
although the'temperature incredsed by several degrees after suffi-
cient period of time. Two two way control valvés were used to
"control the flow directipﬁ as necessary. Dry nitrogen gas was

used to deoXxygenate the solution before each ekperimént.

-3.2.3 The electrical circuit

An electrical_circuit was designed for the electrochemical-
reactor which would‘alldw‘the measurement of current on each sec~-
tion of the cathode separately without interferring with the main
electrolytic process or changing the total current passing through.
- the electrode. The electrical circuit is shown in fig. 3;7.

An d.c. power supply tylpe (PHYWE, 0—20\!,121—\) COnnectedr
“with 220 V line was used as the power soufce. The total cell
voltage was measured by a Qoltmeter placed across the qell. The
total current passing through the‘cell was measured by an 4.c.
. ammeter (Westén Ins£ruments Company, 0-3A). The individual sec-
tional currents were measured with miliammeteré (Philip Harris

Ltd. 0-100 mA, 0-250 mA).
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Toggle sﬁitches of current rating 10A Qere used to switch
away any section of the cathode from the maiﬁ'éircuit, through
the ammeter A2 the cathode‘current of that_section,was_measured.
In this way the cathode current in ali the éections were measured-

in turn.

3.2.4 Experimental procedure

The concentration of coppersulphate solutions used in
 the experiments were approximately 0.015 M in 1.5 M sulphufic
acid.\Anaiytical gréde anhydrous copper sulphate (CuSO4) was
dissolved in distilled water and sulphuric ;cid to make the

electrolyte solution (.015 M CuS80O, in 1.5 M H

4 250-4 so}ution)ﬁ The
solution concentrations were determined volumatrically. The method
used for the computation of thé COncéntrations of coéper sulphate
is outlined by Jabbar et al. [12] and‘Vogel'[BO] involving preci-

pitation of the copper as cupfous iodide with excess potassium
iodide and titration of iodine formed with standard sodiﬁm thio-
éulphate solution. Analysis of the copper sulphate content was

done after a series of runs. Dilute solutions of copper sulphate
were used to ensure sméll limiting currents with éorrespondingly
low rates of dissolution of‘tﬁe anode and deposition on the céthode
and for minimum hatural convection, Since the aétiyation overpo-
tential of an electrode is greatly dependent on electrode surfacé;

both the electrodes were throughly cleaned before assembling

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

1



electréde surface with successively finer grades of 'emer&' paper
and eventually finishing with ultra fine (number '0') 'emery'
paper. The electrodes were then rinsed wi£h distilled Qater and
degreased with an organic solvent (acetone).‘The smoothened
electrode surface was finaliy washed with distilled water and
left to dry in air.

The electrical connections to eéch cathode sectioné and
the anode were cleanea and their electripal’conneétions were
chéqked by a multimeter beforeh_assémbling_the cell. Thejmain body
of the cell (i.e. aﬁode plate, cathode plate and the sidewalls)
Qas assembled first by thfee clamps. Then hdlding the main bod&
on the inlet section, glass particles of a particular size (6.0 mm,
4.5 mm and 3.0 mm) were put into the cell upto a certain bed
height. It may be mentioned here that fér égch particle size,
three initial bed heights, such as 8 cm, 12.0 cm and 16 cm were
used to make different voidages.in the cell at different fléw
conditions.

At the start of each run nitrogen from a gas cylinder
was used to pass nitrogen through the solution in the storage
tank for about 1-2 hours in order to deoxygenate the solution
because an extra current density of approximately 0.25 mA/cm?2
is needed due to the reduction of oxygen at the cathode [34].

After-deoxygenéting the electrolyte, the pump was started
and the electrolyte was recirculated through the system witﬁ

flow rate adjusted by means of valves and the flow rate was

measured from the rotameter. Before taking the'readings, the cell

i
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was operated at low current.dénsities (about 0.2 mA/cm?) for
about 15-20 minutes to get an even deposit of copper at the |
cathode. This was done by applying a. small voltage across the
cell from the péwer supply.

fo investigate the limitting 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 ﬁinutes were allowed for
the.system to reach steady state before the current readings were
taken. The bed height at fluidized éonditiop was measured to find
the voidage of the cell. The sectional current on the cathodes and
the total cell currents were measured by two ammeters. The appliedl
voltage was then increased in steps with intervals of 50 mv and
the ﬁeasurements were repeated untils the’individual currents
in the Fections exqeeded their limiting values. This shows the
start of the secondafy reaction (i.e. hydrbgen evolution at the
cathode) and a sharprisé in current occufs. Between each run,
the cell was dismantled, cleaned and_reassembled. The experiment
was repeated for different flowrate éﬂﬁ?diffefen£ bed heights with
different particle'sizes;

The.concentration of the éolution was checked after
taking reaaiﬁgs for each size of particles, and negligible diffe-
_rence was found with the original valite. 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

e



did not reproducé the original results which is due to oxide
formation on the anode surface. At the end of each run the anode
was always coated with a thin layer of black powder (copper oxide)

which was formed by the reaction [B]
' , +
Cu + H20-————ﬂ— Cu0 + 2H + 2e .

Moreover, difficulty was encountered due fo the deposition
Qf copper on the unéxpdsed sides of the cathodé as a result of
leakage of electrolyte betﬁeen cathode section and‘perspex,plate.
Again, at higher current densities, there was deposition of copper

sulphate on the anode surface.



'CHAPTER 4

RESULTS AND DISCUSSIQNS

4.1 Introduction

In the electrolysis of copper sulphate ~ sulphuric acid
solution, the rate of cbpper deposition at the cathode is contro-
lled by the rate of mass transfer across a hypotheticai diffu;
‘sional layer near it. To increase the mass traﬁsfe; rate and to
make itJuniform, fluidized bed of inert glass particles was used.
The cathode was sectioned to allow the measurément of the current
at different segment and hence the mass transfer rate along its
lleﬁgth.In the present research work, dilute éolutions of copper
sulphate (0.015 M) in an exceés of indifferent ions (1.5 M H2504)

have been used to keep the limiting current low and to reduce the

" transport number of copper ions.

Expérimental work was carried out to study the effect of
the following parameters of the fluidized bed electrolyte on the

mass transfer rate in the electrochemical reactor.

(a) Effect of particle size of the fluidized bed on tﬁe,
mass transfer rate.
(b) Effect of bed voidage on the méss transfef rate a£
fluidized conditions. -
i(c) Effect of electrolyfe veiocity on the_mass transfer

rate. '



40:‘.:;3

To study the effect of thé above parameters on the mass
transfer rates, total and sectional currents along the length of
the cathode were measured' against different applied voltages
at different flowrates ahd bed conditions.

The flow rate of the electrolyte in the system varied
from 5.7 litres/min to 10.8 litres/min. Below 5.7 litreé/min
fluidization does not occur and beyond 10.5 li£re$/min particle§
are carried away with the liquid and'égcumulated‘at the top of the
cell. Glass particles of'3.00 mm 4.50 mm .and 6.00 mm. sizes were
used as the bedlmaterials and the bed voidage varied from 0.45

to 0.90. The temperature of the system varied from 22°C to 32°C

4.2 Analysis and Presentation of the Results

The experimentai procedure for the measurement of total
current, as well as the individual current oﬁ differenf section
elements of thg cathbde has beén described-in Chapter 3; The
individual current on the sections of the céthode and the total
currents wefe measured at different fléw rates and at different
bed voidages by progressive increases in the applied voltage
until all the sectioned elements attained and exceeded their
limiting currents. This procedure was repeated for each particle
size. The reﬁroducibility of the results was tested by making
repeated runs which showed reasonably goéd‘agreement'(about + 5%),

All the experimental and calculated results for different

particle sizes have been presented in Appendix C and some of the
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summaries of the results are presented in this chapter.

Both individual sectional current and totg} currént are
élotted against different flowrates and cell conditions. Since
the current measurement at an electrode section is not a point
value bu£ covers the entire area 6f that electrode section element,
it is most useful to represent'the.variation of the curreﬁt flow-
ing at differenﬁ séctions in the form of a histogram.

From the total current-voltage curve, the overail limiéing
current - will be used t&.obtain overall mass transfer coefficient.
The average mass transfer coefficient over an electrode section
will bé calculated from the individual limiting current on that
section ahd the variation of the average mass transfer coefficieﬂt
along-the length of the electrode will also be calculated by pfo—
greséively averaging the indiv}dual mass transfer coefficients
over the length of the electrode (cumulitive average mass trans-.
fer coefficient, Kcav}’ The overall mass traﬁsfer coefficients
were plotted against the superficial velbcity_and bed voidages
for different particles sizes. The product of ¢Stanton numberfSti
(=K € /U) and Sc2/‘3 were plotted against modified Reynolds number
(ReI = dPU/v (l1- e))to obtain a correlation for different parti-
cle si;es. These correlations will then be compared with those
of other workers.

| The physical properties of acidified copper sulphate
solution which-will be used for the calculations, haQe been taken

from reference [26]. The data in this reference wére:collected from

several sources and are presented in Appendixeg. For dilute
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solutions the diffusion coefficient of. the copper ion can be taken

as that of copper sulphate without any appreciable error.

4.3 The Current-Voltage Curve

Investiéations were carried out to determine the influence
of electrolyte flow rate on the current-voltage'curves at different
fiuidizing condition and the measurement of currents against
applied voltage was conducted. The total cell currenﬁ, as well
the individual currents on the sections of the cathode were
measured. The total curreﬁt obtained by summation of individuél
section currents and the measured total current were compa;ed
and were found to agree within +10%. This discrepancy could be
ekplained by the fact that two different types of ammeters were
used to monitor the total and sectional currents fespectiﬁely
and the readings from the two might not have tallied exactly
due to different resistances.

Figure 4.1 shows typical individual current - voltage
curves, Figure 4.2 shows total current-~voltage curves at different
' flow rates. There is a sharp increase in current with increase
in potential till the process approaches the limiting.current
conditions. At limiting current region the rate of.incfease of
current is slowed aown significantly and becomes constant in most
cases. After this region, the current increases répidly again.

It is evident_from Figure 4.1 that there is a distinét limiting

current plateau on each curve for each flowrate of the electrolyte
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and these plateaus are well defined and wider for lower flow
rates and less defined gnd less wider for higher flowrates.

At higher flowrates the limiting current.p}ateau reduces to an
inflecﬁion point only. It is also seen that ﬁhe overall limitihg
current plateau starts at 250 mv lower flow rates (5.7 l/min)

and 300 mv for medium flow rates ( 8.0 1/min) and 400 mv for
high flowrates ( 10.0 l/min). For further high flow rates the
limiting current shifts to lower voltage region again. The shrin-
kage and the shift of limitihg current plateau in the higher voltage
region occurs with increased flowrates. With”increased flowrates,
the limiting curreﬁt densities increase. This may be due t6 the
reason that with incregsed agitation at these conditions higher,
local current densities may result which form a very crysfalline
or porous electrodeposits. This increases the effective electrodé
area and hence the current density. From the expression of aétual

.voltage requirement as mentioned in Chapter 2.
V=V - v, o+ tny, +in  + Vv _ | (2.11)

It can be seen that Wiﬂ{increase of limiting current density,

n, increases since n = atb logi and the total cell voltage
increases. For very high flow rates however, the limiting‘curfent
plateau shifts to the lower voltagejregion again. This may be due
to the reason that the rough deposits are able to catalyze the for-
mation of gas at lower potential giving rise to early current

plateaus And also with every high flowrates, the particles becomes
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so dispersed that the fluidization efféct tend to decrease.

The limiting currents on the segﬁents start and end
more or less at the same potential. It can also be observed the
variation of the cugrents in some sections e.g., sections 11 to 14,

and section 2 to 3 are similar.:

4.4 Current Distribution Along the Electrode

Figure 4.3 shoﬁs a typical example of variation of current
density along the length of'the'electrode. From the figure it
can be seen that the peak value of current density and hence the
mass transfer rate occur at one of the cathode sections of 1,2
and 3 from the leading edge of the electrode. After the. initial
increase the mass transfer rate shows a downward trend as the
distance from the entrance is increased. In thé middle rigion,
the current density remains essentially constant and ultimately
near the éxit region, it rises again. So three different regions
of mass transfer emerge namely the inlet, the midsection and the
exit. Since local average mass transfer co-efficient of the cathode
sections have been calculated from the current densities of the
respective sections théy will obviously show similar behavior.
‘The rise in mass transfer coéfficient at the inlet sections is
due to the entrance effects, the change iﬁ shape and size of fhe
flow aréa and the complexity of hydrodynamic condifions such as
secondary flow and back mixing, eddying effect, separation and
reattachment of the flow after sudden expansion. This agrees
with the study oflKrall and Sparrow [15] , Runchal [25] and Wragg,

Tagg and Patrick [31] who had obtained a region of maximum mass
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transfer rate at a distance of 1.5 to 2.5 times the equivalent
diameter of the large duct downstream from the leading edge of
the electrode. The point of maximum mass transfer co-efficient
has been taken as the point of reattachemnt. The current density
in the middle section of the reactor is approximately'cqnstant.
This may be due to the agitational effects of the fluidized‘bed.
The current density increases again in the éxit section. This is
caused by the turbulehce generated by the sudden decrease in flow

channel area at the ekit.

- 4,4,.1 ¢ Variation of the current distribution with different

electrolyte flowrates

From the experimental data it has been observed'that the
éurrent density increases with the increase'of electrolyte flow
rates. With the increase of flow rates, turbulence increases
ana as a result the current density as well as'the mass transfer
rates incfeases.l

4.4.2 Variation of the current distribution with different

initial bed height

Variation of tﬁe current distribution along the.elect;ode
length have.been observed for different initial béd height. The
initial bed heights were 8.0 cm, 12.0 cm and 16.0 cm. It has been
seen that there is slight increase in current densitj with the

increase of initial.bed height. The fluctuation of current den-

N
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sity aleng the electrode length decreases with increase of initial
bed height, because uniform agitation can be obtained with the
increase in bed heiéht. Hence the fluctuation in the current density

as well as mass transfer rate decreased along the cathode length.

4.4.3 Variation of the current distribution with different

particle size.

Figures 4.4, 4.5 and 4.6 show the variation of the current
distribution with different pafticle sizes. From the figures, it
can be observed that the current density is lowest for smallest
particle size (3.0 mm) and for particles sizes of 6.0 mm and 4.5 mm
thé current density is almost same, but is slightly higher for 4.5 mm
particle size. 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_increaseé.
Further increase in particle size, the particles become heavier
and the agitation to fhe eléctrodé decreases and hence current
density as well as mass transfér rate decreases. Also with 6.0 mm
particle size, vigorous bubbling ocurs in the cell and pockets
of.liquids passes through the Eell without proper mixing and this

may contribute to_thé decrease of the current densities.

4,5 Variatidn of Mass Transfer Co-efficient Along the Electrode
Length

In Fig. 4.7 cumulative average mass transfer co-efficient

(Kéav) has been pldtted against L/De at-different flowrate in
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logérithmic scale.'Although it has beén’showh by histograms'in
Fhe previous sections that current densities and hence mass trans-
fer co;efficients remain almost constatant in the middle regions
of the cell, but current density varies at tﬁe inlet and exit
sections., This means that rate of déposition at middle section
are uniférm and due to sudden expansion at the inlet and contrac-
tion at the exit there is entrance and exit effect. If a continaous
cathode is uséd, mass transfer along the éatﬂode length will be
influenced by the inlet and the exit effects.

Figure 4.7 shows that the cumulative average mass transfer
coefficient is related to L/Desg l0.0.by the equation of.the form

0.19 (4.1)

Keav & (L/De)
The above fiﬁdings can be compared with the correlation
for rectangular duct obtained by Pickett'and.Ong [ 19] upto
L/De §§ 12.5 as
0.2

Koy o (L/D) 70 - | (4.2)

~

The ékpongnt on the L/De\term was obtained by Van Shaw
et al. [29] as -0.3 for the turbulent flow. Ali M.S. [1] found
the value of the exponent in the range of -0.33 to —.16..The
lower value of the exponent in the present study is probably due
to fluidization whiéh imparts increased agitation and thereby
ensures better mixing. Up to L/De= 1 the variation of mass tfaﬁsfer

coefficient is less due to entrance effects.



4.6 Variation of mass transfer coefficients with bed voidage

Figure 4.8 shows the vafiation of the mass transfer
co-efficient with Bed voidages for different particle sizes.
For all the three particle sizes, it is observed that the maximum
values of mass transfer coefficient occurs in the range 6f
€ = 0.7~ 0.8. Walker and Wragg [31] studied mass transfer rate
with much smaller glass particles (.274f’.548 mm) and theirrdaté
exibited a maximum value of mass transfer coefficient at €= 0.7~
0.75. The maximum value of méés transfer coefficient in the
voidage range of 0.7 to 0.81 occur because the kinetic energy
imparted by the particles are maximum in the above voidage range.
Maximum kinetic energy imparted by the pafticlés to thé electrode
and maximum mass-transfer rate are closely related [5]. |
From figpre- 4.8 it can be observed that maximum value
of K fdr particle size of 6.0 mm occurs at e = 0.74 and that
for particle sizes of 4.5 mm and 3.0 mm occur at ¢ = 0.80 and
€ = 0.81 respeétively.
| The value of voidage at . which the maximum mass-transfef
occurs decreases wi£h the increéée in particle size. This was |
.also observed by Smith and King [27] from their e#pegimental
resuts. They also observed that for_iarger glass ﬁarticlés {(above
2.0 mm) the maximum coefficients are not as well defined as for

the smaller particles.
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4.7 variation of mass transfer coefficients with velocity

Figure 4.9 shows the variation of mass transfer coeffi-
cient with superficial cell velocity for different particle sizés.
From the figures‘it can be observed that the maximum mass transfer
coefficient occurs in the range of U = 13.5~15.5 cm/s. For |
6.0 mm particle size, the maximum valve of K ocurs at U = 15.5
‘cm/s and for 4.5 mm and 3.0 mm particle sizes the maximum value
of K occur at U = 14 cm/s and 13.5 cm/sec respegtively. The
velocity at which the maximum Qalue of mass transfer occurs,
increases with thelincreage in particle size. Eér the same amount
of agitation larger particles require higher superficial velocity.
Further increase in velocities, the fluidizing particles become’
s0 dispersed that the fluidizing effect start to disappear and
the two effects super—impose each other. As a result masé transfer
coefficient decreases.

Walker and Wragg [31] studied this aspect of the fluidized
bed electrochemical reactor and they found the maximum value of
K at a superficial velocity of U = 1~3 cm/s for particle sizes
of .275 to .548 mm. F., Coeuret and Le Goff [9] also found maximum
vglue of K for the superficiél velocity of U = 4~ 8 cm/s for

the particle sizes of 0.6 ~~ 2.0 mm.
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TABLE 4.1

Comparison Jf Maximum Mass Transfer Velocity and Particle Sizes

Author(s) = .  Maximum mass trans- Particle size
' _fer velocity
U cm/s . {mm}
Walker and Wragg [31] 1~ 3 0.275 ~ 0.548 °
. Coeuret and Goff [9] 4 ~ 8 0.6 ~ 2.0
Present Study © 13.5-~~ 15.5 3.0 .~ 6.0 ‘
4.8 Effect of particle size on the mass transfer coefficient

Figure 4.9 also shows thg effect of particle'sizé on the
mass transfer coefficient. Mass transfer coefficient is smallest
for Fithe 3.0 mm particle size and it is almost same for the
4.5 mm and 6.0 mm patticle sizes, although mass transfer coeffi-
cient is slightly higher in the case of 4.5 mm particle than
that of 6.0 mm particles. The increase in ‘the mass transfer
coefficignt with the increase of particle sizes may be due to

the bubble formation in the'fluidized bed for the larger particles.

In the present study three different sizes of parficles (3.0 rm,

2
U mf

gd
calculated for the three particle sizes are 0.33, 1.1 and 2.66

4,5 mm and 6.0 mm) are used and Froude number, Fr (= ),

repectively. As mentioned earlier, Wilhelm and Kwauk [32] suggested
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the froude nﬁmber as a criterion for the bubble formation. Accor-
ding to them, for 4.5 mm and 6.0 mm particles, bﬁbbles should be
observed. In fact bubbles are obsefved for - these two éarticles
sizes. With 6.0 mm particles vigorous bubbles are observea
‘with,pockgts of liquids passing through the bed without pro-
per mixing. ~ Although 4.5 mm pérticles fall in the transition
régions (Fr z2 1), considerable amount of. bubbles are also obseiveq
for this particle size,No,tbubbleS are Visually observed for

the 3.0 mm éafticles.-with the formation of bugbles agitation:

in the cell increases vigerously and hence the mass transfer
coefficient’.increages.

4.9 Mass Transfer -Correlations

Mass transfer-correlatiéns are obtained for each particle
size. In the present study Reynolds number is varied from 675 to
5933 and Schmidt number (Sc) is varied from 1200 fo 1700. Correla-
tions are obtained for each particle size using the data of that
particle. Thé fbrm of fhe\éorfelation is assumed as StI(Sc)C=a Rer.
No attempt has been made ‘to find the exponent of the Schmidt |
number which is an established fact and whose value is 2/3. The
correlations have been obtained by regressional analjsis of the
data by computer which is eguivalent of plotting StI(Sc}z/3
against'ReI in a log-log graph paper.

Piqts.are: shown in Figufe 4.10, 4;11 and 4.12. The

correlations obtained are:
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st;(sc)?/? = 0.0494 Re ~0-%0 (4.3)
for 3.0 mm particles
st (sc)}?/3 = 0.0383 re™0+ 30 (4.4)
for 4.5 mm particles
sty(sc)?/? = 0.0195 R %% (4.5)

for 6.0 mm particles

It is observed from the correlations that the exponent
on Reynolds number decreases with the increase of the'particle size.
It has been shown earlier that both 4.5 mm and-6.0 mm particles
fall in the range of aggregate fluidization where bubbles form
in the bed. Experimentally bubbles have been observed for these two
particle sizes and the intensity of bubbles has beén observed to
be higher for the 6.0 mm particles than that of 4.5 mm particles.
No bubbles have been visually observed for 3.0 mm partiéles. In
the presence of bubbles in the.fluidizing béd, the influence of the
flow rate and hence Reynolds number on the mass traﬁsfer coefficient
becomes more prominent. It happens because once bubbling starts in
the cell, agitation. in the cell becomes very high and it increases
with the increase of flow rates and since agitation'in the cell
and mass transfer rate are closely related, the mass transfer rate
élso increases. This might be the possible reason for the decrease
bf the exponent of Reynolds number wiﬁh the increase of the particle

sizes of the bed.
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Comparision with previous studies

A number of workers have investigated the mass transfer

behavior in fluidized systems. Their results together with the

results of the preseht study have been summerised in Table 4.2

1760

' TABLE 4,2
Comparison of mass transfer correlations according to
2/3 _ -b '
StI Sc = a ReI
Author (s) a b De/d System Rey Sc Particle
P , size ( (mm)
Smith and 0.32 '0.38 41-105 Cylindrical 0,7- 580- -
King [27] ' wall mass 1067 2100
transfer _ -
0.54 0.44 17-27 34~ - -
- 2334
. Jattrand and 0.45 '0.375 93-36 Planar test 6— 1250 0.220-
Grunchare [14] : ‘ electrode. in 200 : 0.780
' cylindrical
bed
Jagannadharaju 0.43 0.38 8-27 Inner anode 200- 1300 1.54-
and Venkata of annular 3800 6.00
Rao [13] bed
Coeillret et 1.20 0.52 93-290 Various 6- 1250 0.35-
cal. [9] cylindrical 200 1.07
probes .
Carbin and 1.24 0.57 80-150 Cylindrical - 0.1- 787- 0.185-
Gabe (6] test elect- 70 1777 0.355
rode in
cylindrical
bed
Walker and O.@gﬁ 0.39 43 Rectangular 0.936- 2675 0.274-
Wragg[31] -Channel wall &7 0.548
Mass Transfer
Present study 0.049 0.40° 9.5 Rectangular 675— 1150- 3.0
' channel wall 3238 1710
_ mass transfer
0,038 0.30 6.3 1473- 1300- 4.5.
5300 1760
0.0195 0.25 428 2015- 1100~ 6.0
= 5934



From table 4.2 it can be seen that the exponent of Reynodlds
number obtained in the present study is smailer'(for 4.5 mm and
6.0 mm) than any other previous works. Reynolds number range of
the present study is also much higher than ﬁhe other works. Particle
sizes of the present study is also different. Only comparable
sizes of particles were used by Jagonnadharaju and Venkata Rao {13 ].
But the effect of particle size on the exponent of Reynolds.number
- is not knowh. Moreoﬁer, they used annular bed which is completely
different from the system of the present study. The. lower value of
the exponent of Reynoldslnumber signifies ﬁhe increase of the
‘effect of Reynolds number on the mass transfer céefficient. The
sizes of the glass particles (4.5 mm and 6.0 mm) which havé been
used in the present study fall in the bubble formation region. It
has been found [ 23 ] that glass pérticles greater than 2.0 mm size
form bubbles in the liquid fluidized beds. The agitation in the
bed increases significantly with the formation of bubbles and with
the-increase of flow iéte it increases further. Since thé intensity
of bubbles increages with the increase of particle sizes, influence

of flow rate and hence Reynolds number also increases accordingly.

The value of mass transfér coefficient at the electrode with
fluidized bed has beeﬁ compared with that of non fluidized bed
studied by'Chéwdhury [8]. It has been found that mass.transfer co-
efficient has increased by 25% for 4.5 mm and 6.0 mm pérticle

size for the same flow conditions.
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CHAPTER 5

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

Conclusions

In fluidized bed electrochemical reactors, mass transfer coef-
ficients increases with the increase of particle size when the

particle size is less than 4.5 mm.

Mass transfer coefficient undergoes a maximum value in the

voidage range of ¢ = 0.7 ~ 0.8,

Mass transfer coefficient undergoes a maximum values for a
certain superficial velocity of the electrolyte which is a

function of particle size and cell geometry;

In fluidized bed reactors, mass transfer rate becomes more

uniform along the electrode length.

In mass transfer correlations, the value of the exponent of
Reynolds number decreases with the increase of particle

sizes of the bed materials.

Suggestions for future works

More experimental investigations should be carried out with
different sizes of particles, especially with smaller (< 3.0 mm)
particles. '

Mass transfer behavior with conducting bed materials can be
studied.

An alternative way of interpreting the results may be by

"assuming mass transfer occuring between flat plate and liquid

and considering fluidization as a means to increase the

agitation only. This view point may be explored in future.
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NOMENCLATURE

Bulk concentration, gm mole/cm? SRNES
Surface concentration, gm hple/cm3‘
Diffusivity of the ions, cm?/sec.
Equivalent diameter

Particle diameter.

One Faraday (96500 Coulonbs).

Froude number at minimum fluidiéation velocity.
Free energy change.

Standard free energy change.

Amount of current passed,Ampere.

Current density, Amp/m2.

Limiting current density, Amp./m2.

Exchange current density, Amp./mﬂ

Mass transfer j-factor.

.Overall mass transfer coefficient, m/sec.

Local everage mass transfer coefficient.

Cumulitive average mass transfer coefficient. m/sec.



Pr
Re
Re
Sc
iSh
St

5t

mE

min

!’F.-"6.9

Length of the electrode.
Activation ovérpotential, volts.
Concentratiog ovérpotential,_volts.
Prandtl number.
Reynolds number.

o d Up
Modified Reynolds number,

. ' H(l-€)

Schmidt Number.
Sherwood nﬁmber.
Stanton numbgr, K/U.
Modified §£ahton number, K €/U.
Absolﬁte temperature, °K..
Time.of passage of current, sec.
Superficial Electrolyte Veloéity, cm/sec.
Minimum flq;dization velocity, cm/sec.
Voltage applied acréss.the celi volts

Minimum electrolysing voltage

Number of electrons involved in the.reaction.



Greek letters:

Bed voidage.
Viscosity of the solution, cp.
Kinamatic viscosity, cm?/sec.

Thickness of the diffusion layer,

cm.
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APPENDIX-A

REVIEW OF ELECTROCHEMICAL PRINCIPLES

aA.l Introduction

A review has been made of relavant literature together with
a study of the theoretical principles governing the electrodeposi-

tion of copper in the electrodeposition of .copper in the electro-

chemical reactor. The main aspects that have been consgidéred here
are electrode kinetics, mass transfer principles and current

distributioq in a parallel plate electrochemical reactor.

a2 Basic Electrochemical Factors

A.2.1 Faraday's Law of Electrochemistry

Faraday's Law of Electrochemistry states that the 'pagsage
of 96500 coulombs through an electrochemical reactor produces in

total one gram - equivalent of products at each electrode.

i.e. Mole produced {(n) = It/zF . (A.1)

where,

I is the amount of current passed, Amperea,
t 1is the time of passage of current, sec.
z 1is the number of electrons involved in the reaction.

F is .the one Faraday (96500 Coulombs).



Zgj.

Véry often morerthan‘one reaction_occnrs'at an electrode.
In the deposition of metal, théxe is.evolution.of hydfogen or
codeposition of'another metal Qith that of/desired metal. Té
achieve a good product purity without any side reactibn, the reaé-

tor must be operated in a range of electrode potentials which

ensures only the desired reaction to take place.

(8.2.2 Minimum Electrolysing Voltage

In an electrochemical reactor, electrical energy is supplied
to increases- the ffee energy of the reacting species which changes
fhe freg énergy defference to a negative value and consequently
promotes the reaction. The electrical energy is éupplied bylapply—
ing a certain voltage to the reactbr. Minimum electrolysing
voltage for a given process can be defined as the applied voltage
necessary to keep the system at equilibrium when no current flows.

The minimum electrolysing voltage, V is related to the free

min.,
energy change for a cell reaction at a certain temperature and
pressure under thermodynamic equilibrium.and it can be written as,

= . “A
AG zF V. in ' . _ (AL 2)

whére,
AG‘ is the free energy change
z is the number of electroné required for eithef electrode
reactions to'produce 1 molecule of product.

F is the Faradaf,Constant



The free energy change for an overall reaction

aAh + bB—— cC + dD
can be written as

. d
AG = AG®° + RTln ——g— ' (ﬁfé-3)
B

'where,
R is the universal gas constant
T 1is the absolute temperature
AG®  is the standard free energy change -

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

reactants and the products

aprdg,as,ap are the activities of the species involved.

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

voltage and it can be written as:

Fatel: - o '!"‘.'

G zF len . (&14)
where V&in is the standard minimum electrolysing voltage corres-
ponding to unit activity of A,B,C and . D.

Combining equations (2.2), (2.3) and (2.4), minimum voltage

can be found as,

C d
ac 9p e
— 0 ' - A
zZF V., = 2F Ve, +RT ln ——— . qg.Sa)
a a- .
A B
a® ad
= °: RT N
len = Viin zF in ¢ D (5}5)
. ad ab ,
A B
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‘"This leads to. the Nernst equation:

f

RT 1 [Product of the activities of reduced speéies
min min zF Product of ‘the activities of oxidized species

'..3...1 | {A.6)

The minimum electrolysing voltage of an electrochemical
cell is the difference between the equilibrium or reversible
anode (Va) and cathode (Vc) potentials which can be expressed as:

x

V. =V -v_ . : . (A.7)

The equilibrium anode and cathode potentials are those
electrode potentials which are just sufficient to allow the catho-
dic deposition and anodic dessolution reactions to proceed at an

electrode surface at equal rates 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 reactér which consists of impuré
copper anode and a thin sheet of pure copper cathode immersed
"in an acidified copper sulphate solution. At the soluble anode,
metal is oxidized and dissolvedlas copper ions as folldws:

cu—p cu?t 4 2e Ve = 0.34v (3.8)



R
A2

where V°a is the standard equilibrium potential for the reaction
at the anode when all the species or ions present are a£ 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 pressuré, but for a rough estimation the
standard-equilibrium potentials will be used.

At the cathode the reduction of ion takes place to deposit

copper,
2+ _ : -
Cu + 2¢ ——p Cu VE = 0.34 Vv 05}9)

Thus, the theoretical minimum electrolysing voltage far the
overali reaction is (0.34 - 0.34) = 0.0 volts.

At high current densities and a sufficiently more ﬁegative
cathode potential, a secoﬁdary reaction 6ccurs, namely hydrogen

evolution, as
2H + 2e — B H Ve = 0.0 V ' O (@10)
The cathode potential should be controlled so that the

hydrogen evolution reaction does not occur because it will reduce

the current efficiency of copper deposition in the reactor.
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A.3 Practical Voitage Requirements : . “

A.3.1 Operating Voltage

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

reaction at each electrode as
V=V, -V_ +In +In_+V - (A.11)

where,
V. 1is the cell operating voltagé'
Ena is the combined activation overpotential for both processes:
ch is the combined concentratiqn overpotential for both
processes.

v is the potential drop across the electrolyte:

An overpotential can be defined as the extra energy neces-
sary to reduce the enerqgy 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
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is caused by the irreversibility of the electrode process. The
irreversibility of an electrode process increases as the voltage
applied to the cell is increased, altering the potential of each
electrode. |

A theoretical expression can be obtained for the activation
overpotential by considering thé kinetics of a reversible ‘electrode

reaction

=70
="

0O + 2e /™R @.12)
fhe current density of deposition, i, is.related to the

overpotential‘by Arrhenius type rate constant/activation energy

relationship. Thus 'an equation for the cathodic cufrent density

can be expressed (fdr small concentration éhénges between the

surface and bulk concentration) as: - |

- azF n (1- o)zF n-

a a
5T }- exp { R .}] ‘ (A,13)

i= io[{exp {

where,
1 1is cathodic current density
i is the exchange current density
o. is the.fraction of overpotential assisting the | '

discharge process.

For appereciable overpotential, when n, is greater than

10.05 volts, the second tefm in equation (A.13) which represents
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the reaction rate in the reverse direction can be ignored.

Consequently,

- azF n
d

i f ioa exp | RT- }- _ | (a.14)

Rearranging in a more convenient form we have,

‘RT o RT
1

n, = =5 1n o~ azF 1n i (A.15a)
-or, n, =a+ b logi . ' ' (A.15)
where a = RT ___ 1n i and'b = —-2.303 RT

a zF o azF

-Equation (A.15) is the "Tafel Equatibn“ which relates over-
pdtentiai to the net anodic or cathodic.current. Tafel equation
is most widely used‘espécially'for engineering purposes since‘it
has a practical form and it safisfactorily\represehts‘the condi-

tions in industrial electrochemical reactors. .

A.3.3 Concentration Qverpotential \ ‘

As metal deposition proceeds in the electfocheﬁical reactor,
the concentration of the reacting species or ioné close to the
‘electrodg surface decreases in the absence of adequate supply of
ions~frqm the bulk of the solution. This is.associéted with a

rise in electrode potential as given by the Nernst equation (a. 6):
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" and is known as concentration overpotential. The movement of ions

is controlled by three processes:

(a) Molecular deffusion

(b) Reactant transported by macroscopic hydrodynamic floh_
' known as "convection".

(c) Movement of ions under the 1nfluence of an electric fleld
called "ionic mlgratlon

Thexeffect of ionic migration is usually very small in prac-
tical electrochemical reactors, including the copper deposition
systems. As the solutions contain excess of an indefferent elect-
rolyte 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 to the electrode wall.

A relationship between current density and the mass transfer

coefficient can be written as
—_—_— = - . . ' \V‘J"
K(Cy-C_) e , (‘A\‘i 16)

where,
K is the mass transfer coefficient
CB is the bulk concentration of solution

CS is the surface concentration.

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

law of diffusion as

L 2 (cy- c) | @

where,
D is the diffusivity of the ions

8, is the thickness of the diffusion layer

Considering'Nernst equation (A.6) applied to ionic concentra--

tion for a cathodic deposition reaction of the form

sz + ze — . M o (A;18)

The value of concentration overpotential is given by

= Y% - = —— — . T . "
nC , VC Vc oF In Ch . _ (A.19)
where,
V; is the cathode potential during operation
Ve is the equilibrium cathode potential

CS, CB' is the surface and bulk concentration of the

reacting species.
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The siﬁplification made for the derivatiqh of eqﬁation
(A.19) is based on.thé consideration . of perfectly reversible
process and it neglects.any kinetic effect.. In practice most of "
the processes are irreversible for the deposition of metal or

Al

any other reactions to occur.

A.3.4- .  Concept of Limiting Current Density

As the current in the electrodeposition of a metaliincfeases,
the concentrxdtion 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
higheét‘diffusion rate. This constant cufrent density is referred
to as the limiting current density. The limiting current density
may also be defined as the maximum operating current that can be
generated'by’a-given eleétfochémical reactioh, at a given reactant
concentration, under well esfaﬁlished hydrodynamic conditions
under steady states.

According to thé dgfination of limiting current, Cs becomes

negligibly small so that equation (A.16) becomes

L
= A
zr -~ Cp (8.20)
where,
i, is the limiting current density.
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For a réal process C is not zero and it has a finite value
'for an electrochemlcal reaction to occur, otherwise the concentra-
tion overpotential will increase to an infinite value. By elimina-
ﬁing K and zF between equations (A.16) and (A.20) the ratio of

concentration becomes

_ ¢, -c. . .
i/i, = —o =1-c./cy (a.21a)
C
oL, —5 =1 - i/i (A.21)
Ch L \A -

Comblnlng equations (A.19) and (A.21) the value of concentra-
-tlon overpoctential is glven by
RT

¢ = F In (- i/ip L (B.22)

The effect Qf conéentration overpotential invan eléétroche—
mical reactor can be reduced by 1ncrea51ng the mass transfer rate
{i.e., decrea51ng the thlckness of diffusion layer), resulting in

1an increase in the limiting current. The mass transfer co-efficient
depends on.the shape and entrance condition of the cell, the
éleétrolyte-and the reaction taking place. The limiting current

can be increased by increasing the temperature of the électrolyte
caﬁsing an increase in diffusivities.

Figure A.l1 shows a typical polarization curve characterized



by the occurence of a limitting current plateau and this is termi-

nated by the onset of a secondary reaction, usually a gas evalution.

Current dens_j.ty(i),Amp/mz

Potential (V)

Fig.iﬁrl: Typical polarization curve.
¥ ,

For the systems where secondary reaction affects the opera£ion of
thé reactor, most of the reactors are operated below the limiting
current.'Pfactical operation of electrochemical reactors are car-
ried out well below the limiting current, because the applicatiop
of i1ncreased voltage at this stage does not improve the reaction
rate and decreases the current efficiency. Neﬁertheless, limiting
current measurements provide'a'very convenient technique for_masé
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

in Figure 2‘\&}1
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A_3.5 Potential Drop in Solution

This added énergy is caused by a chanée in solution con-
ductivity and by the formation of poorly conducting filmé'on
electrodes. This has also been designated as 'IR' drop. The
conductivity of an electrolyte can be related to the solution
. voltage drdp by the following equation

'Vs Tk - . @ .23)

where,

S5 1is the distance between the electrode, m.

k 1is the electrolyte_conductivity, mho/m.

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

reduces the migration flux of the reacting species.

A.d Current Distribution in an Electrochemical Reactor

A desirable electrochemical- reactor is one in which

the‘current is unifgrmly distributed. irreguiaritieslfrom
the averége current .densities and uneven potential disﬁri—
bution can lead to a loss in product selectivityrénd local
cogrosion 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
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symmetry. When the electrodes are polarised; the current distri-
bution in a reactor not only depends on the geometry of the
reactor and‘electrodes but also on the reaction oécuriﬁé at

the electrode surface, the'electrolyte composition, the effect

of ionic migration and concentration gradient.and voltage drop
within an electréde. These effects are very important-for systehs
where reacfions are slow, reactions occur in a narrow potential
range, éléctrblyte conductiyity is low and where the cell is

operating much below the limiting current.-
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APPENDIX~B17

' CELL DIMENSIONS, PHYSICAL PROPERTIES OF COPPER SULPHATE 1IN

SULPHURIC ACID SOLUTION AND OTHER RELEVANT DATA . OF FLUIDIZED BED.

The physical pfoperties Qf 0.015 M Copper sulphéte soluQ'
tion in 1.5 sulphuric acid has been taken from stanmore [26]
and Wilson [32). They .collected the data  from several sources.
For dilute sulutions, the diffusivity of the copper ion can be

‘taken equal to that of copper sulphate without any apreciable

error.
TABLE (B:1
‘Solution Characteristics for 0.015 M CuS_O4 in
11.5 M HZSO4
Temperature Diffusivity Kinamatic Schmidt No.
°C - D{cm?/sec} Viscosity Sc = v /D.
' x 1018 _ cm?/sec
21.5 6.15 . 1.035 ~1682.9
40.0 8.50 ' -0.718 _ -754.0

The Cell Dimensions

Length of the electrode ( L) = 0.3 m

Width of the electrodes (w) = 0.05 m
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Spacing between the electrodes (S) = 0.02 m
Equivalent diameter (De). = 0.0286 m
Aspect ratio (S/w) = (0.4
- Total Electrode area = 0.015 m2
Cross sectional area for flow = 0.001 m2
The Data for the Fluidized Bed §
Average diameters of the glass particles = 6.0 mm, 4.5 mm and 3.0 mm.

Density of the glass particles = 2550 Kg/mJ-

. TABLE (B} 2
Static bed voidage and Froude number for the

glass particle.

Particle Density Static bed Froude number
size, mm Pg 7 Kg/m3 Voidages‘ ﬁo) (Usz/gdp)
6.0 - : 0.437 . 2.66

4.5 2550 '0.413 1.10
3.0 - : 0.405 0.33

Minimum fluidization velocity, Umf has been calculated

-_theoretically [23].
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APPENDIX-B2

FLOW CALIBRATION CURVES. FOR ROTAMETERS USED IN THE

EXPERIMENT

Appendix-B2ypresents the rotaméter calibration curves
for the electrolyte solution (0.015 M copper sulphate solution,

in 1.5 M sulphuric acid). The calibration curves were drawn from

experimentally obtained data.
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APPENDIX-C

Experimental .current-voltage data and calculated results.



Particle size =

6.0 mm

Flow rate: 5.7 Lit/min.
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APPENDIX-C.1

Initial bed height: 16

Voidage: 0:585

Temp.:.22°C

200

Applied 100 250 300 350 400 500 600
volt - .
mV
Catho-=
de
section
Current ma
1 1.5- 4.0 4.5 4.0 7.0 10.0 15.0 23.0
2 1.0 3.0 3.5 4.5 6.0 8.5 14.0 21.5
3 1.0 2.5 3.0 4.5 6.0 8.5 13.5 21.0
4 1.5 2.5 3.0 5.5 6.0 8.0 14.5 21.0
5 1.5 2.5 3.0 4.0 8.0 8.0 18.5 21.0°
6 3.0 6.5 7.0 8.0 11,0 16.0 22.0 38,0
7 ’ 4.0 7.0 8.0 9.0 9.5 17.0 23.0 40.0
8 4.0 7.0 8.0 9.0 9.5 17.0 23.0 40.0
9 3.0 6.5 9.0 9.5 13.0 17.0 24.0 35.0
10 3.5 6.0 8.0 9.5 11.5 15.5 22.0 30.0
11 - 1.0 2.5 4.0 4.0 5.0 6.0 7.0 8.5
12 1.0 2.5 4.0 4.5 5.5 6.0 8.0 9.5
13 1.0 2.5 4.0 4.0 5.0 5.5 7.0 8.0
14 1.0 3.0 4.0 4.0 5.0 6.0 7.0 8.5
15 1.5 5.0 5.0, 5.5 8.0 9.0 12.0 14.0
Total: 29.5 63.0 77.5  90.5 339.5
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APPENDIX-C.2.

Particle size = 6.0 .Initial bed height: 16 cm. Temp.:'22°C.

"Flow rate: 6.3;ﬁit/mi£{ Voidage: 0.62
Applied '
volt. ,mv 100 200 250 300 350 400 500 600
Cathgde Current ma
section
1 2.0 4.0 4.5 5.0 8.0 10.5 16.0 22.0
2 1.0 3.5 4.0. 4.5 7.0 9.5 15.0 20.0
3 ' 1.0 3.0 4.0 4.5 7.0 9.5 .15.0  20.0
4 1.0 3.0 4.0 4.5 7.5 10.0 15.0 20.0"
5 1.0 3.0 4.0 5.0 8.0 10.5 16.0. 21.0
6 3.0 6.0 7.0 9.5 11.0 14.0 20.0 34.0
7 3.5 6.5 8.0 10.5. 14.5 17.0 25.0  43.0
8 3.5 6.5 8.0 10.5 14.5 17.0 25.0 43.0
9 3.5 6.5 9.0 11.0 14,5 17.0 25.0 43,0
10 3.5 6.5 8.0 9.5 12.5 16.0 21.0 35.0
11 - 1.0 2.5 4.0 4.5 5.5 7.0 8.5 10.0
12 1.0 3.0 4.0 4.5 6.0 7.0 9.0 10.5
13 1.0 3.0 . 4.0 4.5 5.5 6.0 8.5 9.5
14 1.0 3.0 4.0 ‘4.5 5.5 6.0 8.0 9.5
‘15 2.0 4.5 5.0 5.5 7.0 8.5. 10.0 12.0

- TOTAL: 29.0 64.5 81.5 98.0 134.0 165.8 237.0 352.5.

[



Particle size = 6.0 mm.

Flow rate: 7.0 Lit/min.
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APPENDIX -C.3

Initial bed height: 16 cm.

Voidage: 0.649

Temp.: 24°C

119.5  154,0

Applied :
volt.,mv 100 200 250 300 350 400 500 600
Cathgde Current, mA

sectlon :

1 1.5 4.5 5.5 7.0 9.0 12.0 20.0 26.0
2 . 1.0 4.0 5.0 6.0 8.0 11.0 19.0 25.0
3 1.0 3.5 5.0 6.0 8.0 11.0 19.0 - 25.0
4 1.0 4.0 5.0 6.0 10.0 11.0 19.0 25.0
5 1.0° 4.5 5.5 7.0 8.5 12.0 20.0 25.0°
6 2.5 6.0 8.0 ° 10.0 15.5 16.0 21.0 43.0
7 3.0 7.0 9.5 12.5 - 16.0 21.0 35.0 48.0
g 3.0 7.0 9.5 12.0 16.0 21.0 35.0 48.0
9 3.0 7.5 10.5 13.0 17.0 21.0 34.0 48.0
10 ' 3.0 7.0 9.5 12.5 15.0 20.0 27.0 38.0
11 1.0 3.5 4.0 5.5 7.0 8.5 - 11.0 12.0
12 = 1.0 4.0 4.5 5.5 7.0 8.5 11.0 . 13.0
213 1.0 3.5 4.0 5.0 6.0 8.0 10.0 12.0
14 1.0 3.5 4.0 5.0 6.0 8.0 '10.0 12.0
15 1.5 4.0 5.0 6.0 7.0 8.5 11.0 14.0
fOTAL; . 25.5  73.5 945 198.0 302.0 414.0
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‘APPENDIX -C.4

Particle size = 6.0 mm. Initial bed height: 16 cm. Temp.: 30°C
Flow rate: 8.2 Lit/min. Voidagé: 0.685
Applied .
volt.,mv 100 200 250 - 300 - 350 400 . 500 600
Cathgde ' Current, ma
section '
1 1.5 4.5 5.5 7.5 9.5 14.0 22.5 28.0
2 1.0 4.0 4.5 6.5 9.0 13.0 21.0 26.0
3 1.0 4.0 4.5 . 6.0 9.0 12.5 20.5 260
s 1.0 4.0 4.5 6.0 9.0 - 13.0 22.0 27.0
5 1.0 4.5 5.0 7.0 9.5 13.0 22,0 27.0
6 2.5 6.5 8.5 _ 9.5  18.5 21.0  30.0  49.0
7 . 3.0 8.0 10.0 14.5 18.0 23.0 38.0 50.0
8 3.0 8.0 10.0 14.5 18.0 23.0 38.0 50.0
9 3.0 8.0 10.0  15.0 19.0 24.0 38.0 55.0
10 | 3.0 7.5 9.5 . 12.0 16.0 23.0 36.0  52.0
11 1.0 4.0 5.0 7.0 9.0 10.5 16.0 - 22.0
12 1.0 4.5 5.5 7.0 9.0  10.5 16.0  20.0
13 | 1.0 4.5 5.0 6.0 8.0 9.5 12,0 - 14.0
14 1.0 4.5 5.0 6.0 7.5 9.5 12.0 14.0
15 1.5 5.0 5.5 6.5 8.0  10.0 12.5  15.0

TOTAL; 25.5 81.5 103.0 131.0 177.0 - 229.5 356.0 475.0
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APPENDIX -C. 5

388.0

Particle size = 6.0 mm. Ihitial bed height: 15' cm. Temp. : 31,6C
Floﬁ rate: 9.5 ‘Lit/min. Voidage: (.739

' Applied
volt,;mV 100 200 250 300 350 400 500 600 .
Cathode ) ' Currehf, mA
section ' -
1 1.5 5.0 6.5 8.0 ‘11.0 14.0 22.0 30.0
2 . -+ 1.0 4.5 6.0 7.5  10.5 12.5 20.0  29.0
3 1.0 4.5 5.5 7.5  10.0 12.5 20.0 28.0
4 1.0 4.5 = 6.0 7.5 10.0 13.0 20.0 28.0
5 1.0 5.0 6.0 8.0  10.5 14.0 1 20.0 29.0
6 | 2.5 8.0 11.0 15.0 . 18.0 24.0 35.0 40.0
7 ' 3.0 9.0 © 11.5 15.0 19.0 25.0 40.0  °55.0
8 3.0 9.0 11.0 15.0 19.0 . 25.0 40.0 55.0
9 3.0 9.0 11.5 15.0 19.0 25.0 41.0 55.0
10 2.5 8.5 11.0 14.0 17.5 21.0 39.0 8.0
11. 1.0 . 4.5 5.5 7.0 9.0 13.0 22.0  28.0

12 , 1.0 . 5.0 5.5 7.5 10.0 13.0 22.0 - 28.0
13 1.0 4.5 5.0 7.0 9.0 11.0 18.0 22.0
14 1.0 4.0 - 5.0 6.5 9.0 10.0 14.0 18.0 15.
15 1.0 4.5 5.5 7.0 9.0 011.0 15.0 '18.0
TOTAL; 24.5 89.5 118.5 145.5 188.5 238.0 571.0
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APPENDIX -C. 6

6.0 mm. Initial bed héigh£: 12.0cm. Temp. : 22°b
.Fléw rate: 5.7 Lit/min._ Vpidage: 0.577 |
Applied :
volt,,mvV 100 200 250 300 350 400 500 - 600
.Cathgde Current, mA ?
section
1 2.5 4.0 4.5 6.0  10.0 13.0 20,0 27.00
2 1.5 3.5 4.0 5.5 8.0 11.0, 18.0 24.0
3 1.0 3.5 4.0 5.5 8.0 11.0 ia.o 24.0
4 1.0 3.5 4.0 5.5 8.0 11.0 18.0 24.0
5 1.0 3.5 4.0 6.0 8.5 11.0 18.0 24.0
6 4,0 8.0 10;0 15.0 15.5  20.0 24.0 45.0
7 4.5 8.0 10.5 16.0 20.0 ,22.01 32.0 48.0
8 4.0 7.5 10.0 12.0 15.0 22.0 24.0 35.0
9 | 4.0 8.0 10.5 14.0 16.0 18.0 21.0 30.0
10 4.0 8.0 10.0  13.0 14.0 15.0 19.0 20.0
11 1.0 2.5 2.5 4.0 5.0 5.5 5.5 7.0
12 1.0 3.0 3.0 4,5 5.0 5.5 5.5 7.5
13 1.0 3.5 3.5 4.5 5.0 5.5 5.5 7.0
14 1.5 3.5 4.0 4.5 5!5 6.0 6.5 7.5
15 2.5 5.0 6.0 7.5 9.0 11.0 13.0 15.0
TOTAL; 34,5 75.0 9.5 121.8 152.5 175.5 247.0  344.5
1 }
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APPENDIX -C.7

Pafticle size = 6.0 mm. Initial bed height: 12 cm. :Temp.: 22°C
Flow rate: .3 Lit/min.  Voidage: .6l |
Applied :
volt.,mV___ 100 200 250 300 350 400 500 600
Cathode Current, mA '
section '
1 2.5 4.5 5.0 6.5 10.0 13.0 20.0 30.0
2 1.5 4.0 4.5 5.5 8.5  11.5  18.0  27.5
3 1.0 4.0 4.5 5.5 8.5 ' 11.5. 17.5  27.0
s 1.0 4.0 45 5.5 8.5 - 11.5  17.5 .  27.5
5 1.0 4.0 4.5 6.0 9.0 12.0 17.0 28.0
6 3.0 7.5 9.0  11.0  14.0  19.0  34.0  42.0
7 a0 7.5 9.5 12.5. 17.0 21.0 35.0°  45.0
g 3.0 7.0 9.5 10.0 14.0 22.0 27.0 40.0
9 3.0 8.0 10.0 12.0 15.0 19.0 25.0 30.0
10 3.0 8.0 10.0 11.0 14,0 17.0 22.0 . 24.0
11 1.0 3.0 3.5 4.0 5.0 - 5.5 6.0 6.5
12 1.0 3.5 4.0 4.5 5.5 6.0 6.5 - 7.0
13 1.0 3.5 4.0 4.5 5.0 5.5 6.0 7.0
14 1.0 4.0 4.0 4,5 5.5 6.0 - 7.0 1.5
15 1.5 5.5 6.5 7.0 8.5 9.5 °  12.0 14.0

TOTAL; 27.5 78.0 93.0 110.0 148.0 190.0 272.0 362.5
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APPENDIX -C.8

Particle size = 6,0 mm. Initial bed height: 12: qm{ Temp.: 26°C
Flow rate: 7.0 Lit/min. Voidage: 0.638

Applied .

volt.,mV - 100 200 250 300 -+ 350 . 400 500 600
Cathode , Current, mA '

section

1 2.0 5.0 6.0 7.5 10.0 13.0 22.0 34.0
2 1.5 4.5 5.0 6.0 8.5 12.0 20.0  30.0
3 1.0 4.5" 5,0 - 6.0, 8.5 12.0 '?0.0 30.0
4 1.0 4.5 5.0 6.0 8.5 12.0 20,0 30.0
5 1.0 4.5 5.5 6.5 8.0  12.5 20.0 32,0
6 | 3.0 7.5 9,5 12.0  13.5 20.0 38.0 43.0
7 3.5 8.0  10.0 13.0 14.0 . 22.5 23f0 48.0
8 3.5 © 7.5 9.5  12.5 . 13.5  21.0 35.0  45.0
9 3.5 8.0 10.0 12.5 14.5 20.0 28.0 35.0
10 3.5  8.0- 10.0  11.5 14.5 18.0  25.0  30.0
11 . 1.0 2.5 3.5 4.5 5.5 7.5 8.0 9.0
12 1.0 3.0 4.0 5.0 . 5.5 7.5 9.0 10.0
13 1.0 3.0 4.0 5.0 . 5.5 7.0 9.0 9.5
14 1.0 3.0 4.0 5.0 9.0 7.0 9.0 10.0
15 1.0 4.5 5.5 5.5 7.0 9.5 12.0 14.0

TOTAL; 28.5 78.0 .96.0 118.5 144.5  183.5  313.0  409.5

‘.\v- .
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APPENDIX -C.9

Initial bed height: 12 cm.

Voidage: 0.678

Temp.: 28°C

Applied ' ' :
volt.,mv 100, 200 250 300 350 . 400 500 600
Cathode' Current, mA

section

1 2.5 5.0 6.5 8.0 10.5 15.5 23.6 33.0

2 1.5 4.5 5.5 7.0 9.5 13.0 21.0  28.0

3 1.0 4.5 5.0 6.5 .9;5 130 21.0  27.0

4  1.0 4.0 5.0 6.5 9.5  13.0 21.0  28.0

| 1.0 4.5 5.5 7.0 9.5 13.0 22.0 28.0

6 3.0 7.5 9,0 14.0 16.5 19.0 27.0 38.0

7 3.5 8.0 10.0 14.5 . 18.0 23.0 28.0 48.0

8 3.0 7.5 9.5 14.0 16.0 19.0 28.0 45.0

9 3.0 7.5  10.0 14.5 18.0 22.0 27.5 44.0

10 3.0 7.5 10.0 13.5  16.0 19.0 27.0 35.0

11 1.0 2.5 4.0 5.0 6.5 8.0 " 10,0 . 11.0

12 1.0 3.0 4.5 5.5 6.5 8.5 ~11.0°  12.0

13 1.0 3.0 4.5 5.0 6.0 8.0 9.5 'io.o

14 1.0 3;0 4.0 5.0 6.0 8.0 10.0 12.0
15 1.5 4.0 5.5 6.5 8.0 10.0 12.0 14.0
TOTAL; 28.0  76.0 98.5 132.5  164.0 211.5 298.0  408.0
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APPENDIX -C. 10

Particle size = Initial bed.height: 12 cm. Temp.: 31°C
Flow rate: 9.5 Lit/min.  Voidage: 0.74

Applied . _

volt.,mv 100 200 250 300 350 400 500 600
Cathode Cufrent, mA

section

1 2.5 5.5 7.5 9.0 11.0 15.0 25.0 35.0-
2 2.0 4.5 6.0 7.5  10.0 12.0 22.0 21.0
3 1.0 4.5 5.5 7.0 10.0 12.0 22.0 29.0
4 1.0 4.5 5.5 7:0  10.0 12.5 21.0  29.0
5 1.5 4.5 6.0 7.5 10.5 13.0 22.0 32.0
6 3.5 7.5 9.5  14.0  16.0  20.0 32.0  40.0
7 3.5 8.0 10.5 - 15.0 18.0  22.0 35.0 45.0
8 3.5 7.5 9.5 14.0 i6.0 20.0 32.0 41.0
9 3.5 8.0 - 10.0 14.5 18.0 21.5 34.5 42.0
10 : 3.5 8.0 10.0 14.0 17.0 21.0 31.0 40.0
11 1.0 3.5 4.0 5.5 7.0 10.0 14.0 17.0
12 - 1.0 4.0 5.0 6.0 7.5 10.0 14.0 17.0
13 1.0 4.0 4.5 5.5 7.0 9.0 11.0 13.0
14 1.0 4.0 4.5 5.0 6.5 9.0 11.0 13.0
15 2.0 5.0 5.5 5.5 8.0 10.0 13.0 16.0
‘TOTAL:  31.5 83.0 103.0 137.0 172.5 217.0 339.0 440.0



Particle size =

6.0 mm.

Flow rate: 5.7 Lit/min.
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APPENDIX -C.11

Initial bed height: 8 cm.

Voidage: 0.62

Temp.: 22°C

Applied : ,
volt.,mv 100 200 250 300 350 . 400 500 600
Cathode Current, maA

section

1 4.0 4.5 6.0 7.5 9.0 13.5 20.0
2 2.5 4.0 5.5 6.5 8.5 11.0 18.0
3 2.0 4.0 5.5 6.5 8.5 10.5 18.0
4 2.5 4.0 5.5 6.5 8.5 11.0 19.0
5 3.0 4.5 6.0 6.0 10.0 12.0 19.5
6 6.0 14,0 16.0 17.0 17.0 21.0 29.0
7 7.0 13.0 16.5 18.0 '19.0 22.0 29.0
8 7.0  12.0 15.0 18.0 18.0 20.0 22.0
9 5.0 10.5 13.5 15.0 - 15.0 16.0 19.0
10 4,0 9.5 12.0 14.0 - 14.0 - 15.0 16.0
11 1.5 3.5 4.5 5.5 5.5 5.5 5.5
12 1.0 3.5 4.5 5.5 5.5 5.5 6.5
13 1.0° 3.0 4.5 5.5 5.5 5.5 5.5
14 1.0 4.0 4.5 5.5 5.5 5.5 6.0
15 2.0 5.0 5.5 7.0 8.0 9.0 11.0
TOTAL: 49.5 99,5  113.5 132.0 '153.0 180.0 243.0
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APPENDIX -C, 12

Particle size = 6.0 mm. Initial bed height: g cm.  Temp.: 229C
Flow rate: 7.0 Lit/min. Voidage: 0,674

Applied ' .

volt.,mV 100 200 250 300 350 400 500 600
' Cathode - Current, maA

section )

1 2.0 3.5 4.5 7.5 9.5 13.0 21.0 26.0
2 1.0 2.5 3.5 5.5 8.5 11.0 18.5 24.0
3 1.0 2.0 3.5 5.5 8.5 11.0 "19.0  24.0
4 1.0 2.0 3.5 5.5 8.5 11.0 18.0 24.0
5 1.0 2.5 3.5 5.5 9.0 11.0 18.0 24.0
6 - 2.5 6.0 8.5  11.0  14.0  24.0 - 20.0° 44.0
7 3.5 7.0 9.5 12.5 16.0 22.0 25.0 40.0
8 4.0 9.0 12.0 13.0 15.0  20.0 25.0 30.0
9 4.0 9.0 10.0 11.0  14.5 19.0 24.0 26.0
10 4.0 9.0 - .10.0  11.0 14.0 17.0 21.0 24.0
11 1.0 2.5 3.5 4.0 5.0 5.5 4.0 7.5
12 1.0 2.5 3.5 4.0 5.5 6.0 7.5 9.0
13 1.0 3.0 3.5 4.0 5.0 5.5 7.0 7.5
14 1.0 3.0 3.5 4.0 5.0 5.5 8.0 8.5
15 - 1.5 4.0 5.0 5.5 7.0 9.0 10.5 12.0

TOTAL: 29.5 67.5  91.0 108.5 145.5  190.5 . 264.5 307.5
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APPENDIX -C. 13

_ Particle size = 6.0 mm. " Initial bed height: 8 c¢m.. Temp.: 245C
Flow rate: 8.2 Lit/min. Voidage: 0.724 -
Abplied , . ’ . .
volt.,mv 1900 200 - 250 300 350 400 450 - 500
Cathode Current, mA
section
1 2.0 4.5 5.5 7.0 10.0 13.5 18.0 22.0
2 1.5 3.5 4.5 t5.5 8.0 11.0 15.0 19.0
3 1.0 3.5 4.0 | 5.5 B.0O 11.0 15.0 19.0
4 ' 1.0 3.5 4.0 5.5 8.5 11.0 l6.5 19.0
5 1.0 3.5 6.5 5.5 8.5 11.5 16.5  19.5
6 2.5 6.5 8.0 11.0  14.5 19.5 22.0 é4'.07
7 _ 3.0 . 7.0 9.5 13.0 16,0 - 21.5 _26.6 34.0
8 4,0 7.5 10.0 12.0 15,5 20.0 24.0 25.0
9 3.5 7.0 9.5 11.0 14.0 18.0 20.0 24.0
10 , 3.5 7.0 . 9.0 11.0 15.0 17.0 19,0 22.0
11 ' 1.0 3.0 3.5 4.0 5.5 7.0 7.5 8.0
12 : 1.0 3.0 4.0 4.5 5.5 7.0 _ 8.5 9;0
13 _ 1.0 ' 3.0 3.5 4.Q 5.0 6.5 a 7.5 - 8.5
14 1.0 3.0 3.5 | 4.5 5.5 7.0 8f0 8.5
15 ‘1.5 4.0 5.0. 5.5 6.5 9.5 10.0 11.0

- TOTAL: 28.5 69.5  88.0 109.5 145.0 190.0 231.0 281.5
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APPENDIX -C.14

Particle size = 6.0 mm. Initial bed height: cm. Temp. : 30°C
Flow rate: 9.5 Lit/min. Voidage:.

Applied ) .

volt.;mV 106 200 250 300 350 400 450 500
Cathc_>de . Current, mA

section .

1 2.0 5.0 6.5 B.5 12.0 13.5 16:0 . 20.0
2 1.0 4.5 5.5 7.0 9.5 11.0 12.5 16.0
3 1.0 4.5 5.5 7.0 9.5 11.0 13.5 . 16.0
4 1.0 4.5 5.5 5.5 9.5 11.0 13.5  17.0
5 1.0 5.0 6.0 7.5 10.5 ° 11.5 14.0  18.0
6 2.5 7.0 9.5  11.0  15.0 18.0.  20.0  30.0
7 3.0 8.5 10.5  13.0  17.0 20:5 22.0  35.0
8 3.0 8.5 10.5 12.0 15.5 18.0 21.0 25.5
9 3.0 7.5 9.5 12.0 14.5 15.5 18.0  24.5
10 3.0 7.5. 9.5  12.0  14.5 15.0 17.5  21.0
11 1.0 3.0 4.0 5.5 6.0 7.5 8.5 10.0
12 1.0 3.5 4.5 5.5 6.5 8.0 9.0 10.0
13 1.0 3.0 4.0 5.5 6.5 7.5 8.5 9.5
14 1.0 3.0 4.5 5.5 6.5 7.5 8.5 10.0
15 1.5 4.0 5.0 5.5 7.5 8.5 10.0  12.0
TOTAL; 26.0 79.0  100.5 159.5 184.0  212.5 273.5
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APPENDIX -C.l5

Particle size = 6.0 mm. .Initial bed height: B8 cm. Temp.: 32°C
Flow rate:10.8 Lit/min. Voidage: 0.732

Applied - . - :
volt.,mvV 100 200 250 300 350 400 500 600
Cathode , :  Current, mA

section

1 2.5 5.0 6.0 7.5 9.0 12.0 20.0 30.0
2 1.5 4.0 5.0 6.0 7.5 9.5 18.0 25.0
3 1.0 4.0 5.0- 6.0 7.5 9.5 16.0 24.0
4 1.0 4.0 5.0 6.0 7.0 9.5 16.0  24.0
5 1.0 4.5 5.5 6.5 7.5 10.0° 17.0 25.0
6 3.0 6.0 7.5 10.0 12.5 16.0 32.0 42.0
7 3.5 7.0 8.5  11.0  14.0 19.0 - 33.0 38.0
8 3.5 7.0 8.5 11.0 14.0 13.0  34.0 = 38.0
9 3.5 6.5 8.5 10.5 12.5 16.0 28.0 30.0
10 3.5 '675 8.5 10.0 12.5  16.0 28.0 30.0
1 1.0 3.0 4.0 4.5 5.5 8.0 12.0  14.0
12 . 1.0 3.5 4.5 5.5 6.0 . 8.0  13.0-  14.5.
13 | 1.0~ 3.0 4.0 5.0 6.5 7.0 10.0 12.0°
14 1.0 3.5 4.5 5.5 6.5 7.0 . 11,0 12.0
15 1.5 4.0 4.5 6.5 7.0 8.5 12.5  15.0

TOTAL:  29.5 71.5 B9.5 110.0  132.0 175.0  300.5 378.5



Particle size
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APPENDIX -C. 16

152.5

= 4.5 mm. Initial bed height: 16 cm.  Temp.: 24°C .
Flow rate: 4.3 Lit/min. Voidage: 0.557
Applied : .
volt.,mV 100 200 250 300 350 400 450 500
- Cathode 'Current, mA
section
1 2.5 4.5 5.0 1.0  10.0 14.0 = 18.0  22.0
2 2.0 4.0 4.5 6.0 8.5  12.0 17.0  20.0
3 2.0 4.0 4.5 6.0 8.5  12.0 16.0 20.0
4 2.0 4.0 4.5 6.0 8.5  12.0 16.0 20.0
5 2.0 - 4.0 45 6.0 8.5 12,0 16.0 20.0
6 3.0 8.0 11.0  13.0 16.0  22.0  25.0 32.0
7 3.0 7.5 10.0  12.0 17.0 - 22,0 26.0 '35.0
8 3.0 7.5 7.0 12,0  17.0  23.0 - 28.0 34.0
9 3.0 7.0 10.0  12.0.  16.0  20.0 23.0 28.0
10 3,5 8.5 10.5  12.0 15.0  18.0 20.0 22.0
11 1.0 4.0 4.0 4.5 5.5 6.0 6.5 7.0
12 1.0 4.0 4.5 4.5 5.5 6.0 7.0 7.5
13 1.0 4.0 4.0 4.5 5.0 6.0 6.5 7.0
‘14 1.0 4.0 4.0 4.5 5.5 6.0 6.5 7.0
15 1.0 4.5 4.5 5.0 6.0 7.0 8.0 9.0
TOTAL: 31,0 79.5  95.5 115.0 200.0  238.0  290.5
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'APPENDIX -C.17

Particle size = 4.5 mm. Initial bed height: 16 cm. Temp.: 20°C

Flow rate: 5.0 Lit/min. Voidage: 0.594

Applied ' _
. volt.,mv 100 200 250 300 350 . 400 %50 . 500
Cathode . : Current, mA
gsection
1 2.5 4.5 5.5 ', 7.0 10.0  14.0 17.0°  20.0
2 1.5. 4.0 4.5 6.0 9.0 12.0 15.5 18.0
3 1.5 4.0 4.5 6.0 9.0  12.0 15.0 18.0
b 1.0 4.0  > 4.5 6.0 9.5 12,0  15.5 18.0
5 1.0 4.0 . 4,5 6.0 8.5  10.0 15.5  18.0
6 3.5 7.0 9.0- 12.0 17,0 22,0 22.5 35.0
7 3.5 7.5 10,0 14.0 18.0 220 22.5 °  38.0
8 3.0 .7.5‘ 9.5  13.0 18.0  24.0 28.0  35.0
i | 3.5 7.0 10.0  13.0 16.0 © 22.0  28.0 36.0
10 3.5 7.5 10,0  13.0 17.0  21.0 22.0 . 30.0
11 1.0 3.5 4.5 5.0 6.0 6.5 7.0 7.5
12 1.0 4.0 4.5 5.5 6.5 7.0 - 7.5 8.0
13 1.0 4.0 4.5 5.0 5.5 6.0 6.5 7.0 -
14 1.0 3.5 4.5 5.0 5.5 6.0 © 7.0 7.5
15 1.5 4.5 5.0 5.5 7.0 8.5 9.0 - 9.5

TOTAL; 30.0 76.5 95.0 122.0 162.5 205.0 233.0 304.0
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APPENDIX -C.18

Particle size = 4.3 mm. Initial-bed height: 16 cm. ‘Temp. +24°C
" Flow rate: 5.7 Lit/min. Voidage: 0.628

.Applied . : .

volt.,mV 100 - 200 250 . 300 350 400 450 500
Cathbde : ‘ . Current, mA
section
1 5.0 7.5 8.5 9.0 11.0  14.0 19.02  25.0
2 5.0 7.0 8.0 8.5 10.0  12.0 17.0 23.0
3 40 7.0 7.5 8.0 10.0  12.0 17.0 23.0
4 4.0 5.0 6.0 7.5 10.0  13.0 18.0 24,0
5 4.0 6.0 7.0 8.0 11.0 13.0 20.0 24.0
6 7.0 11.0  14.0  17.0 20,0 23.0 27.0 37.0
7 © 110" 14.0 16,0  19.0 . 22,0  27.0  37.0 43.0
8 11,0 4.0 17.0 19.0  21.0  27.0 37.0 44.0
9 6.0 11.0  14.0  16.0 19.0  27.0 37.0 44.0
10 6.0 1.0 14.0 17.0 21.0  27.0 33.0 41,0
11 3.0 5.0 5.0 7.0 7.5 9.0 9.5 10.0
12 3.0 5.0 6.0 . 7.0 8.0  10.0  11.0 13.0
13 3.0 5.0 6.0 6.0 6.5 8.0 9.0  10.0

4 3.0 6.0 60, 7.0 8.0 9.0 10.0  11.0
15 3.0 6.0 7.0 7.0 - 8.0. 10.0 11.0 12.0

TOTAL: - 78.0 120.0 '142.0 162.0 192.9  241.0 - 312.0 384,
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APPENDIX -C.19

Particle size = 4.5 mm. Initial bed height: 16 cm. Temp.: 26°C
Flow rate: 6.3 Lit/min. Voidage: 0;666

Applied | .

volt.,mV 100 200 250 300 350 400 . 450 500
Cathode | Current, mA

section

1 4.0 8.0 9.0 10.5  12.5 15.0  20.0 26.0 2.0
1 4,0 8.0 9.0 ° 10.5 12.5  15.0 20.0 26.0
2 4,0 8.0 9.0  10.0 11.0  ‘13.0 18.0 23.0
3 5.0 9.0 10.0  11.0 12.0  .i5.0 20.0 24.0
4 5.5 9.5 11.0 12.0 13.0  16.0 21.0 25.0
5 6.0 10.0 .12.0 12,0~ 14.0 18.0 21.0 25.0
6 7.0 15.0 18.0  22.0  23.0  24.0  27.0 . 30.0
7 9.0 16.0 18.0 22.0  24.0 30.0 350  40.0
8 8.0 15,0 18.0  21.0 23.0 28.0 32.0 36.0
9 . 9.0 19.0 22.0 24,0  26.0  30.0  35.0-  39.0
10 | 9.0 20.0 22.0  24.0 270 32.0 35.0  39.0
11 ) 4,0 8.0 9.0 1L.0 12.0.  13.0 14.0 17.0
12 6.0 10.0 1.0 12.0 13.0 14.0 15.0 18.0
13 5.0 10.0 10.0  10.0  11.0 8.0  10.0 11.0
14 5.0 8.0 10.0  10.0 1.0  12.0  13.0 14.0
15 4,0 8.0 9.0 9.0 9.0 9.0 9.0 10.0

TOTAL; 90.5 177.5 202.0° 224.5 247.5 273.0 327.0 379.0.
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APPENDIX -C. 20 -

Particle size = 4.5 mm.  Initial bed height: 16 cm. Temp.: 26°C’

Flow rate: 17-0.Lit/min. Voidage: 0.705
Applied . . .
volt.,mV 100 200 250 300 350 400 450 500
Cathode . ’ Current, mA
section
1 4.0 7.0 . 8.0 12.0 4.0 17.0  22.0 24.0
2 a0 6.0 6.5 9.0  1L.0 150  18.0°  22.0
3 4.0 . 7.0 7.5  10.0 12.5  16.0 21.0 24.0
" | 4.0 7.5 9.0 12.0 14.0  17.0 21,0 28.0
5 ' 5;0' 9.0 11.0 12.0 14,0 18.0 22.0 28.0
6 © 4,0 9.0 12.0  16.0 17.0 23,0 26.0 | 28.0
7 5.0 10.0 12.0  18.0 23.0 ©30.0  35.0 40.0
8 . 4.0 8.0 12,0, 18.0  21.0 27.0  34.0 35,0
9 6.0 1.0 15.0  20.0 23.0. 30,0 36.0 38.0
10 - 6.0 12,0 16.0  22.0 26.0  29.0 36.0_' 38.0
11 3.0 4.5 6.0 7.0 8.0 11.0 19.0 . 20.0
12 &0 7.0 9.0 10.0 12.0 14,0 = 18.0 23.0
13 . 4.0 7.0 8.0 9.0 11.0. 13.0 15.0 17.0
14 ;.o 6.0 7.0 9.0 . 10.0  12.0 | 13.0 14,0
15 4.0 5.0 6.0 8.5 9.5  11.0 13,0 14.0

TOTAL ; 64.0 116.0 144,0 192.0 ~ 228.0 285,0 350.0 391.0
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APPENDIX -C. 21

Particle size = .5 mm; Initial bed height: 12 cm. Temp.: 22°C
Flow rate: 5.7 Lit/min. Voidage: 0.66 |
Applied
 volt.,mv 100 200 250 300 350 400 450 500
Cathode ' Current, mA
section
1 3.5 . 5.0 6.0 7.0 15.0  20.0  25.0 30.0
2 . 2,5 4,0 5.0 6.0 11.0 18,0 22.0 33.0
3 2,0  4.5. 5.0 6.0  11.0  18.0 22.0 32.0
4 1.0 4.0 4.5 5.0 10.0  11.0 21.0 32.0
5 1,0 4.0 5.0 5.5 10.5 18,0 21.0 32.0
6 | 4.5 12,0 14.0  15.0  22.0  35.0 - 45.0  62.0
7 4.0 13.0 16.0 17.0  24.0  35.0 46.0 63.0
8 4,0 12.0 16.0 17.0 25.0  40.0 45.0 63.0
9 4,0 11.0 13.0  15.0 21.0  33.0 38.0 45.0
10 C 4,0 11,0 12.5  13.0 17.0  23.0 28,0 . 38.0
11 1.0 2,5 . 3.0 4.0 4.5 5.0 6.0 | 7.0
12 1.0 3.0 3.5 4.0 5.0 5.5 6.5 7.5
13 1.0 3.0 4.0 5.0 5.5 6.0 1.0 8.5
14 1.0 3.0 4.0 5.0 5.5 6.0 7.5 . 8.5
15 1.0 . 4.0 5.0 6.0 6.5 7.5 9.0  10.0

TOTAL; 35.5 96.0 115.5 131.0 192.5 = 288.0 349.0 445.0
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136.5

APPENDIX -C.22

Particle size = 4.5 mm. Initial bed height: 12 cm. Temp. : 22°b
Flow rate: 6.3 Lit/min. Voidage: 0.685

Applied _ .

volt.,mV 100 200 250 300 350 400 350 500
Cathode Current, mA
~sectilon

1 3.5 4.5 5.0 6.0 8.5 °10.5 14.5 18.0
2 2.0 2.5 3.5 5.5 8.0 8.0 14.0.  17.0
3 1.5 2.5 3.5 5.5 7.5 9.5 13.5 ' 16.5
4 1.0 2.5 3.5 5.5 7.5 9.5 15.5 16.5
5 1.0 2.0 3.5 5.5 7.5, 9.5 13.5 16.5
6 5,0 6.0 7.5  11.5 13.0  15.5 21.0 30:0
7 4.5 7.0 8.5 13,0 15.0  18.0 . 22.0 31.0
8 45 7.0 8.5 13.0 15.0  19.0 23.0- 32.0
9 6.0 6.5 8.5  1L.5 14.5  17.5 20.5 26.0
10 3.5 5.5 8.0 10.5  13.0  15.0 18}0:. 22,0
1 Lo 2.0 3.0 4.0 5.0 5.5 6.5 7.5
12 1.0 2.0 3.0 4.5 5.5 5.5 6.5 8.0
13 . 1.0 2.5 3.5 4.5 5.0 5.0 - 6.0 7.0
14 2.0 3.0 4.0 5.0 5.5 6.0 7.0 7.5
15 2.5 3.5 4.5 5.5 6.0 7.5 9.5 10.5
TOTAL: 37.0  59.0 78.5 111.0 162.5  208.5  288.5
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APPENDIX -C 23

226.5

Particle size = 4.5 mm. In;fial bed heighf: lé cm. Temp.: 22°C
Flow rate: 7.0 Lit/min. Voidage: 0.717 o |

Applied

volt.,mv 100 200 250 300 350 400 450 500
Cathode Current, mA

section

1 2.5 4.5 5.5 6.5 9.0 12.0 16.0 -22.6
2 1.0 3.5 4.5 5.5 8.5 11.0 15.0 20.0
3 1.0 3.5 4.5 5.5 8.5  10.5 15.0 - 19.0
4 1.0 3.5 4.5 5.5 8.5 ' 11.0 15.0 20.0
5 1.0 3.5 4.5 5.5 8.5 10.5 14,5 19.0
6 3.0 6.5 8.5 12.0 15.0 17.0 25.0 34.0
7 3.0 7.0 8.5  13.0  18.0  20.0 26.0  35.0
8 ‘3.0 7.0 8.5 12.0° 15.5  22.0 27.0 . 36.0
9 3.0 7.0 8.0 © 12.0 15.5  .21.0 24.5 32,0
10 3.0 7.0 8.5 12.5 15.5  18.0 22.0 25.0
11 1.0 3.5 4.0 5.0 6.0 7.0 7.5 9.0
12 1.0 3.5 4.0 5.0 6.0 7.5 8.0 . 9.0
13 1.0 - 3.0 3.5 4,5 5.5 7.0 7.5 9.0
14. 1.0 3.5 4.0 -4.5 5.5 f.o 7.5 . 9.0
15 2.0 4.0 4.5 5.5 7.0 9.0 10.0 12.0
TOTAL; 27.5 70.5 86.0 111.0  152.5 190.5

310.0
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APPENDIX -C.24

Particie size =_4.5 mm. Initial bed height: 12 cm;' Temp.: 26°C

© Flow rate: 7.6 Lit/min; Voidage: 0.742
Applied . .
volt.,mv 100 200 250. 300 350 . 400 %50 500
Cathode , Current, mA
section
1 2.0 4.0 5.0 7.0 10.0  14.0 17.0 22.0
2 1.0 3.5 4.5 6.0 9.0  12.0 15.0 21.0
3 1.0 3.0 4.5 6.0 9.0 12.0  15.0 20.0
4 1.0 3.0 4.5 5.5 9.0 12.0 15.0 20.0

s 1.0 3.0 4.5 5.5 9.0 12.5  15.0  20.0
6 . 2.5 7.0 8.5  12.0 17.0  20.0 26.0 32.0
7 3.0 - 7.0° 8.5  12.0 18.0  21.0 26.0 32.0
8 3.0 7.0 8.5 13.0 17.5  32.0 27.0 34.0
9 3.0 6.5 8.5  13.0 17.5  22.0  26.0  33.0
10 © 3.0 7.0 9.0 13.0 17.5  21.0 26.0 32.0
11 1.0 2.5 3.5 5.0 6.0 8.0 9.5 10.5
12 1.0 3.0 4.0 5.0 7.0 8.5 9.5 10.5
13 1.0 3.0 4.0 5.0 6.0 7.0 8.5 9.5 la.
14 L0 3.0 4.0 50 6.0 7.0 8.5 9.5
15 1.0 4.0 4,5 4.5 7.0 8.5 9.0 12.0
TOTAL; 25.4 66.5 86.0. 117.5  165.5 207.5 253.0

0
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APPENDIX -C.25

195.0

Particle size = 4.5 mm. Initial bed height: 12 cm. Temp.: 28°C
_‘Flow raté: §,9 Lit/min. Voidage: g, 792

ﬁgit%?iv 100 200 250 300 350 400 450 500
Cathode - Current,lmA

section

1 3.0 5.0 8.0 . 10.0 11.0  13.0 17.0 25.0
2 2.0 4.5 7.5 9.0 10.0  12.015.0 15.0 23.0
3 1.5 4.0 7.0 9.0 10.0  12.0 ,1;.0 23.0
4 1.5 4.0 7.0 8.0 10.0 ~ 11.5 15.0 23.0
5 1.5 4.0 7.0 8.0 10.5  12.0 15.0 23.0
6 4.5 - 9.5 15.0 ©20.0  22.0  24.0 30.0 40,0

7 5.0 11.0 16,0 22.0 23.0  26.0 32.0 40.0-
8 5.0 105 15.0  19.0 210 23.0  3L.0 42.0
9 5.0 10.0. 14.0  17.0 19.0  21.0 28.0 37.0
10° 4.5 10.0 14.0  17.0 19.0  21.0 27.0° . 34.0
11 1.0 3.5 5.0 6.0 7.0 8.0 9.0 . 10.0
12 1.0 40 6.0 7.0 8.0 9.0 10.0 11.0
13 1.0 " 3.5 5.5 6.0 7.0 8.0 9.0 11.0
14 1.0. 4.0 5.5 7.0 8.0 9.0 10.0 fz.o
15 - 1.0 4.5 7.0 8.0 9.5  11.0 12.0 - 15.0
TOTAL: = 38.5 91.5 139.5 173.0 220.5 275.0 368.0
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TOTAL; 76.0

1195.0

APPENDIX -C. 26
_Particle size = 4,50 mm. Initial bed height: 8  cm. Temp.: 25°C
Flow rate: 7.0 Lit/min.. Voidage: 0.738

Applied i '

volt.,mV 100 200 300 350 400 450 500
Ca;hode Current, mA

section

1 4.0 7.5 12.0 13.5 16.0 22.0 27.0
2 5.0 7.0 11.0 ° 12.0 15.0  18.0 23.0
3 3.0 6.0 10.0 12.0 15.0 18.0 23.0
4 2.5 60 9.0 12.0° 15.0 18.0  24.0
5 4.0 7.0 . 10.0 = 13.0 15.0 18.0 26.0.
6 7.0 13,0 | 19.0  21.0 32,0 37.0 42.0
7 9.0 18.0 24.0  26.0 30.0  40.0 42.0'
8 8.0 17.0 23.0 25.0  30.0 32.0 35.0
9 7.0 ©15.0 20.0  22.0 ’25.0 27.0 28.0
10 6.0 12.0 18.0  20.0 22.0 24,0 25.0
11 3.0 4.0 6.0 7.0 7.0 7;5' 8.0
12 5,0 5.0 7.0 7.5 8.0 8.0 8.5
13 - . 5.5 7.0 7.0 . 7.0 7.0 7.5 8.5
16 4.0 6.0 8.0 8.0 9.0 9.5 9.5
15 4.0 © 9.0 9.0 11.0‘ 12,0 15.0 17.0

139.5 193.0 256.0  299.5 348.0
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APPEND IX

~C. 27

Particle size = 4.5 -mm. Initial bed heightﬁ 8 cm. Temp.:

" Flow rate: B.é Lit/min: VOidage:-0.795 |

Applied T

volt.,m¥ 100 - 200 300 350 400 450 500 600
Cathode Current, mA

section )

1 3.0 7.0 .11.0  15.0 22,0 26.0  32.0

2 2.0 6.0 9.0 13.0 18.0 22.0 27.5
3 2.0 5.5 9.0  13.0 19.0  23.0 26.0
4 2,0 5.5 10.0 14,0  20.0 23,0 28.0
5 2.0 6.0 10.0  15.0 20.5  24.0 28.0
6 4.0 9.0 15.0  19.0 23.0 . 40.0 44.0
7 4.0 10,5 21,0 29.0  34.0  47.0 58.0
8 5.5 13.0 22,0 27.0 32.0 39.0 51.0
9 6.0 14.0 20.0  24.0 28.0 32,0 40.0 1
10 5.0 13,0 20.0  22.0 24,5 27.0 31.0
11 22,0 4.0 6.0 8.0 9.0 9.5 10.0
12 2.0 5.0 8.0 9.0 10.0  11.0 12.0
13 2.5 .5.0 6.5 7.0, 8.0 8.5 10.0
14 2,5 5.0 7.0 8.0 9.0  11.0 12.0
15 2.5 6.0 8.0  10.0 12.0 12,5 140 '
TOTAL; 47.0 114.5 182.5 233.0  289.5 352.0  409.0
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406,0

APPENDIX -C. 28
Particle size = 4.5 mm. Initial bed height: 8 cm. Temp.: 29°C |
Flow rate: 10.1 Lit/min. -Voidage: 6.843
Applied é
volt. ,mV 100 200 300 350 400 450 500 600 ;
Cathode Current, mA ?
section '
1 4.0 8.0 12.0- 17.0 22.0  30.0  33.0 |
2 '3.0 7.0~ 12.0  16.0  20.0  26.0 30.0 :
3 3.0 7.0 11.0  14.0 19.0  26.0 28.0
4 4.0 8.0 13.0  16.0 20,0  26.0 30.0
5 5.0 10.0 15.0 i7.0 19.0  27.0 30.0
6 6.0 12.0 20,0  28.0 35.0  38.0 50.0
7 6.0 13.0 20.0  30.0 40.0  45.0 55.0
8 6.0 12,0 22.0 24,0 - 36,0  45.0 55.0
9 7.0 14.0 25.0  28.0 3%.0 38.0 54.0
10 7.0 14.0 ©25.0  29.0 35.0  42.0 56.0
11 3.0 5.0 9.0 11.0 12.0  13.0 22.0
12 3.0 6.0 10.0 11.0 13.0 . 14.0 20.0
13 3.0 6.0 9.0 9.0 10.6 11.0 15.0
14 3.0 5.0 9.0 9.0 10.0  11.0 14.0
15 3.0 5.0 7.0  10.0 13.0 - 14.0 16.0
"TOTAL; - 66.0. 131.0 21.9 269.0 = 341.0 508.0
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APPENDIX -C.29

Particle size = 3.0 mm. Tnitial bed height': 16 cm. Temp.: 22°C
Floﬁ rate:5.7  Lit/min. Voidage: 0.596

Applied - :
volt.,mV 100 . 200 250 300 350 400 500 600
Cathode Current, mA

section :

1 3.0 5.5 7.0 8.0 11.0 15.0 22.0
2 2.5 5.0 6.0 7.5 10.0  13.5 21.0
3 2.5 5.0 7.0 7.5 10.0  14.0 22.5
6 2.0 4.0 5.0 5.0 5.0 6.0  10.0
5 . 2.5 4,0 5.0 7.0 10,0 14.0 22.0 .
6 5.5 10.0 12.0  13.0 21.0  23.0 30.0
7 7.5 13.0 14.0 16.0 20.0  25.0 40,0
8 7.0 13.0 140  15.5 17.5  23.0 40.0
9 7.0 . 12.0 13.0  16.0 21.0  26.0 39.0
10 6.0 11.0 12.0  15.0 20.0° 22.0 30.0
11 2.0 4.0 4.5 5.5 7.0 8.0  10.0
12 2.5 4.5 5.0 6.0 7.5 8.0 10.0
13 2.5 4.5 5.0 5.5 6.0 - 7.0 8.0
14 . 3.0 5.0 5.0 5.5 6.0 8.0 9.0
15 4.0 6.0 7.0 7.0 9.5 11.0 12.0
T0TAL;  -59.5 106.5 121.5 139.5  18L.5 223.5  325.5
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259.0

APPENDIX -G. 30
Particle ﬁize = 3.0 mm. Initial bed heightﬁ 16 cm. Temp.: 23°C
flow-rate: 6.65 Lit/min. Voidage: 0.664
Applied' . ‘ ‘
volt.,mV ~ 100 200 250 300 350 400 500 600
Cathode Current, mA
sectiop
1 2.5 8.0 10.0 11.0  15.0  17.0 27.0
2 2.0 6.0 8.0 9.0 10.0 12.0 21.0
3 2.0 . 8.0 10,0  11.0 14.0  15.5 24.0
4 1.0 5.0 6.0 7.0 11.0  13.0 24.0
5 2.0 8.0 9.0 10.0  15.0 18.0 28.0
6 ~ 3.0 10.0 14.0 16.0 17.0 22.0 30.0
7 4.0 14.5 17.0 19.0 22.0  27.0 42.0
8 4.5 13.0 16.0  18.0  20.5  26.0  41.0

-9 4,5 15.0 18.0  20.5 22.0.  28.0 44,0
10 5.0 14.0 18,0  19.0.  21.0 26.0 40.0
11 2.0 6.0 7.0° 8.0 9.0 12.0 17.0
12 2.0 7.0 9.0  10.0 10.5 13.0 17.0
13 2.0 6.0 6.5 7.0 8.5  19.5 12.0
14. 2.0 6.0 7.0 8.0 8.5 9.5 12.5
15 3.0 6.0 8.0 9.0 9.5  10.5 14.0
TOTAL: 42.0 131.5 168.0 186.5 213.5 393;5
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_APPENDIX -C.31 -

‘Particle size = 3,0 mm. Initial bed height: 16 cm.  Temp.:

TOTAL; 52.5 127.0 205.0 251.0 293.0 368.0 431.0

32°C
Flow rate: 7.6 Lit/min. Voidage: 0. 717
Applied ' . }
volt.,mV 100 200 250 300 350 400 500 600
Cathode -V Cu;rent, mA : -
section
1 5.0 10.5 15.5  18.0 20.0  25.0  27.0
2 2.0 5.0 8.0 . 10.0 12.0 _ 17.0 20.0
3 , 3.0 9.0 14.0 16.0 18.0  22.0 25.0
& 3.0 9.0 13.0 15.0 18.0 23.0 25.0
5 5.0 10.0 15.0  17.0 19.0  24.0 - 26.0
6 3.0 8.0 16.0  23.0  24.0  25.0  34.0
7 4.0 11.0 18.0  24.0 30.0 - 36.0 48.0
8 4.0 12.0 20.0  25.0 29.0  35.0 '38.0
9 : 5.0 120 21.5 25.0 . 31.0  42.0  45.0
10 4.5 11,0 19.0  23.06  27.0  35.0  41.0
1 2.0 4.5 8.0 9.0 1.0 19.0 23.0
12 3.0 8.0 12.0  15.0 18.0  22.0 26.0
13 30 6.0 9.0 120 140  18.0  22.0
14 3.0 5.5 8.0  10.0 12.0  14.0 18.0
15 230 .55 8.0 9.0 11.0° 13,0 . 14.0



Particle size = 3.0 mm.

Flow rate: 5.7 Lit/min.
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APPENDIX

-C.

Initial bed height: 12 cm.

Voidage: 0.621

Témp.:_21°C

Applied '
volt.,mv 100 200 250 300 350 400 450 600
Cathode Current, mA
section ’
1 3.0 3.0 3.0 4.5 5. 6.5 9.0
2 2.0 3.0 3.0 4.0 5. 6.0 8.5
3 1.5 3.0 3.0 4.0 5, 6.0 8.5
4 . 2.0 2.5 2.5, 3.5 4. 5.5 8.5
5 2.0 2.5 3.0 4.0 5. 6.0 8.5
6 3.0 5.0 5.5 7.5 10. 12.0 18.0
7 4.0 5.5 5.5 8.0 . 9. 12.0 19.0
8 4,0 5.0 5.0 8.0 10. 14,0 19.0
9 3.5 5.0 5.0 8.0 10. 13.0 16.0
10 3.0 5.0 50 80 9. 12.0 15.0
11 1.5 2.0 2.0 3.0 3. 4.5 5.0
12 1.0 ‘2.0 2.5 3.5 4. 4.0 4;5
13' : z.d 2.5 2.5 3.0 4. 4.5 "5.0
14 2.0 2.5 2.5 3.5 3, 5.0 5.0
15 2.0 - 3.0 3.0 4.0 4, 5.5 6.0

' TOTAL; . 37.0 5L.0 53.0  77.0 92, 117.5  157.0



‘ Particle size

Flow rate: 6.3 Lit/min. .

3.0 mm.

Initial bed height: 12 cm. Temp.: 22°C
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APPENDIX -C. 33

7.5

Voldage: 0.657
Applied
volt.,mv 100 200 250 300 350 400 500 600
Cathode . Current, mA
section :
1. 2.0 3.5 4.5 5.0 6.5 9.0°  12.0
2 1.5 3.0 4.0 4.5 '5.5 7.5 10.0
3 1.5 3.0 4.0 4.0 5. 7.0 10.0
4 L5 2.5 3.5 4.0 5.0 7.0 10.0
5 1.0 2.5 3.5 4.0 5.0 7.0 10.0
6 3.0 6.0 8.0 10.0- 11.0 - 12.0 17.0
7 3.0 6.0 7.5 8.0 12.0  16.0 120.0
¥ 3.0 6.0 7.5 8.5 135 16.0  20.0
9 3.0 6.0 8.0 9.0 2.5 14.0 17.0
10 3.0 6.0 8.0 9.0 12.0  13.0 15.0
11 1.0 2.0 3.0 3.0 5.0 5.5 7.0
12 .o 2.5 3.5 3.5 5.0 5.5 7.0
13 1.0 2.5 .3.5 4.0 4.5 5.0 6.0
14 1.0 2.5 3.5 4.0 4.5 5.0 - 6.0
15 1.0 3.0 4.0 4.0 5.0 6.0 7.0
TOTAL: 2 57.0 76.0  84.5  112.5 136.0  174.0
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AI;P.ENDIX -C. 34

69.5

145.5

Particle size = 3.0 mm. Initial bed height:'lzx cm. = Temp.:
Flow rate: 7.0 Lit/min. Voidage: 0.700
Applied
volt.,mV 100 200 250 300 350 400 500 600
Cathode Current, mA
section
1 2.0 4.0 4.5 5.5 10.0  12.5 19.0
2 1.0 3.0 3.5 4.5 8.0 11.0 17.0
3 1.0 2.5 ° 3.0 4.5 8.0 11.0 19.0
4 1.0 2.5 3.0 4.0 8.0  11.0 19.0
5 1.0 2.0 3.0 4.0 8.5 12.0°  19.0
6 2.5 6.0 7.0 9.0  13.0 ' 14.0  35.0
7 2.5 55 7.0 9.5 = 17.5  20.0 37.0
8 2.5 5.5 7.0 10.0  16.0  20.5  37.0
9 2.0 5.5 8.0 10.5 16.0  20.5 28.0
10 2.0 5.5 7.0  10.0 14.0  17.0 28.0
11 1.0 2.0 2.5 3.5 5.0 6.0 9.0
12 0.9 2.5 3.5 4.5 6.0 7.0 10.0
13 1.0 2.0 2.5 4.0 5.0 5.5 8.0
14 1.0 2.0 3.0 4.0 5.0 6.0 9.0
15 1.0 2.5 5.0 s 6.0 6.0 12.0
TOTAL: '21.5  53.0 92.5 180.0  306.0
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APPENDIX

~-C. 35

Particle size = 3.0 mm, Initial bed height: 12 cm: Temp.: 25°C
Flow rate: 7.6 Lit)min. Voildage: 0.723

Applied :

volt.,mV 100 200 250 300 350 _ 400 -500 600
Cathode Cufrent, mA

section

1 2.0 4.0 5.0 5.5 7.5 12.0  23.0
2 1.5 3.5 4,0 4,5 6.0 11.0 22.0
3 1.0 3.5 4.0 4.5 .5.5 10.0° 20.0
4 1.0 3}5 4.0 ;.5 6.0 11.0 23.0l
5 1.0 3.5 4.0 5.0 6.0 11.0 25.0
6 3.5 8.0 9.0 10.0 12.0 16,0 32,0
7 3.5 7.5 9.0 10.5 13.0 20.0 50.0
8 3.0 7.5 9.0 10:5 13.0 21.0 42.0°
9 3.0 "7.5 9.0 10.5 13.0 21.0 43.0
-10 3.5 7{5 . 90,0 11.0 14.0 20.0 41,0
11 1.5 3.0 3.5 4.0 5.0 8.0 14.0
12 1.5 3.5 4.0 5.0 5.5 8.0 14.0
13 1.0 . 3.0 3.5 4.5 - _5.0 7.5 11.0
‘lhl 1.0 3.0 3.5 4,5 5.0 7.5 11.0
15 | 1.5 4.0 4.5 4;5 5.5 7.5 12.0
TOTAL;V 29,5 72.8 85.0 99.0" 122.0 191.5  383.0
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APPENDIX -C. 36

Initial bed height: 12 cm.

Particle size = 3.0 mm. Temp.: 31°C
Flow rate: g,g Lit/min. Voidage: (0,782
Applied ‘ .
volt.,mVv 100 .200 250 300 350 1400 500 600
Cathode ~ Current, mA
section
1 2,0 4.5 6.0 7.0 10.0  14.0 19.0
2 15 4.0 5.0 - 6.0 8.0  12.0 17.0
3. 1.0 4.0 5.0 6.0 8.0  10.5 17.0
4 1.0 4.0 5.0 6.0 8.0  12.0 17.0
5 1.0 4.0 5.0 6.0 9.0  13.0 17.0
6 2.5 7.5 9.5  10.0 12.0  17.0  28.0
7 3.0 8.0 10.0 12,0 16,0  23.0 31.0
8 3.0 8.0 10.0  12.0 16.5  26.0 31.0
9 3.0 8.0 10.5° 12.0 16.5  17.0 31.0
10 3.0 _8:0 10.5 - 12.0 17.5  23.0 33.0
11 1.0. 3.0 4.5 4.5 6.0 8.0 17.0
12 L0 3.5 5.0 5.0 80 10,0 17.0
13 1.0 3.5 4.5 5.0 6.5 8.0 14.0
14 1.0 3.5 4.5 5.0 6.0 8.0 11.0
15 1.0 4.0 5.0 5.0 6.0 8.0 12.0
100.0 114.0 153.5 - 193.5 312.0

TOTAL; 26.0 77.5
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APPENDIX -C.37

Particle size = 3.0 mm. Initial bed height: g8 cm. . Temp.: pgeg

Flow rate: 5.7 Lit/min. Voidage: 0.657"

'ﬁgitffiv 100 200 250 300 350 . 400 500 600
Catﬁode | ‘ Current, mA

" section

1 20 4.0 4.0 5.5 8.0  12.0
2 1.5 3.5 3.5 5.0 7.5  10.0°
3 1.0 3.5 3.5 4.5 7.5 10.0
4 1.0 3.0 3.5° 45 7.0 11.0
5 1.0° 3.0 3.0 4.5 8.0 - 12.0
6 3.0 7.0 7.0 8.0  12.0  14:5
7 3.0 7.5 8.0 12.0 15.0 18.0
8 - - 3.5 8.5 9.0 12.0 15.0  17.5
9 3.0 8.0 9.0 .12.0 15.0.  17.0
10 2.5 7.5 8.0  11.0 13.0  15.0
11 1.0 3.0 3.0 4.0 4.5 5.5
12 : 1.0 3.0 4.0 4.5 5.0 6.0
13 L0 2.5 4.0 4.5 5.0 5.5
14 1.0 2.5 4.0 4.5 5.5 6.5

| 15 1.0 3.0 © 5.0 7.0 8.0 9.5
TOTAL: 25.8  69.5 78.5 103.5 136.5 169.5



Particle size = 3.0 mm.—
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APPENDIX -C.38

TOTAL; ~  27.3 68.0

Initial bed height: 8 cm. Temp.: 25°C
Flow rate: 6.3 Lit/min. Voidage: 0.718 '
Applied .
volt.,mVv 100 200 250 300 350 400 500 - 600 -
Cathode Current, mA’
section
1 1.5 3.5 5.0 6.0 9.0  13.0
2 1.0 2.5 4.0 5.5 8.0 11.0
3 | 1.0 2.5 4,0 5.5 ° 8.0  10.5
4 1.0 2.5 4.0 5.5 8.5 11.0
5 1.0 | 3.0 4.5 6.0 8.5 11.5 ,
6 2.0 6.0 8.5  10.0 10.5  20.0
7 2.5 6.0 8.0 12.0- 15.0 . 22.0
8 4.0 7.5 9.5  11.5 140 17.0
9 5.0 8.5 9.5 11.5 14.0 17.0
10 ©. 4.5 8.0 9.0 10.5 ~ 13.0  16.0
il - C1.0 3.0 3.5 4.5 6.0 6.5
12 1.0 3.0 _.,4.0 4,5 6.0 6.5
S 13 1.0 3.5 4.0 4.5 6.0 6.5
14 - 1.0 3.5 4,0 5.5 6.5 7.5
15 2.0 5.0 5.5 6.0 8.0  10.0
85.5 108.5 138.0  186.5



Particle size = 3.0 mm.
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APPENDIX -C. 39

29°C

Initial bed height: 8 cm. Temp:.:

Flow rate: 7.0 Lit/min. Voldage: 0.7531

Applied

volt.,mV 100 200 250 300 350 400 500 600
Cathbde Current, mA
section

1 1.5 4. 5.0 7.0 - 9.0  14.0
2 1.0 3. 4.5 5.5 8.0  12.0
3 1.0 3. 4,5 5.5 8.0 12.0
4 11.0 3. 4.5 5.5 8.0  12.0
5 1.0 3. 4.5 6.0 8.0  12.5.
6 2.0 6. 8.0  10.0 15.5 21,0
7 2.0 7. 9.0 11.5 " 16.5  23.0
8 2.0 7. 8.5  10.5 15.0  18.0
9 2.5 1. 8.0  10.0 14.0  17.0
10 3.0 7. 8.5  10.0 13.0  16.0
11 1.0 3. 3.5 4.5 6.0 7.0
12 1.0 3. 3.5 5.0 5.0 7.5
13 1.0 3. 3.5 4.5 6.0 7.0
14 1.0 3. 4.0 4.5 5.5 7.0
15 1.5 4. 5.0 6.0 7.0 9.0
TOTAL: 2.2 68.5 84.5 106.5 1445 195.0
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APPENDIX -C. 40

Particle size = 3,0 mm. Initial bed height: 8 cm. Temp.: 27°C

Flow rate: 8.2 Lit/min, Voidage: 0.782

Applied ' '
volt.,mV 100 200 250 300 350 400 500 600
Cathode Current, mA

section

1 6.0 8.0 9.5 14.0

2 5.0 7.0 8.0 12.0

3 5.0 7.0 7.5 12.0°

4 5.0 7.0 7.5 12.5

5 ' 5.0 8.0 8.0 13.0

6 . | 7.5 9.0  14.0 15.0

7 ) | ©19.0 0 12,0 13.0 22,0

8 | o 9.0 10.5 - 13.0 22.0

9 l : 9.0 1.0 13.0  18.0

10 . 9.0 9.0 11.0 14.0

11 _ | 4.0 4.5 6.0 8.0

12 © 4.5 5.0 7.0 8.5

13 : o 4.0 4.5 7.0 8.0

14 R 4.0 &5 6.0 8.0

15 . 5.0 5.5 7.0 9.5

TOTAL: ) 92.0 112.5 137.5 196.5
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APPENDIX -C. 41

Particle size = 3.0 mm. Initial bed height: 8 cm. Temp.: 32°C
Flow rate: 9.5 Lit/min. Voidage: 0.828
Applied
volt.,m¥ ~ 100 200 250 300 350 400 500 600
Cathode Current, mA
- section
1 6.0 7.0 10.0 - 13.0 23.0
2 5.0 6.0 8.5  12.0 22.0
3 5.0 6.0 | 8.5  12.0 21.0
4 5.0 6.0 8.5  12.0 22.0
5 5.0 6.0 9.0  13.0  23.0
6 10,0 10.5 - 12.0  15.5  22.0
7 10.0 ~ 12.0 16,0 22.0 35.0
: 10.0 12,0 15.5  21.0 34.0
9 10:0  1L.5 15.5  22.0 34.0
10 10.0  12.0 15,5  20.0 . 31.0
11 6.5 5.5 7.5 9.0 14.0
12 5.0 5.5 8.0 9.0 14.0
13 4.5 5.0 7.0 8.0 12.0
14 4.5 5.0 7.0 8.0 12.5
15 5.0 5.5 é.o 9.0 14.0 .
TOTAL: ©99.5 115.5  156.5 205.5 . 333.5



APPENDIX-C. 42 :

Calculation of sectional limiting current densities (i amps/m?) and local
average mass transfer coefficients(Klav,m/s), Tnitial bed height= 16 cm.

Particle size = 6.0 mm.

9t T

Flowrate 5.7 6.3 ' 7.0 8.2 9.5
lit/min
Cathods iy Koo X100 i K, X100 i K, X100 i KlavXIOEIiL KL %10
amps/mf m/s amps/m? m/s . amps /m? m/s amps/m? m/s _amps/mz m/s
1 10.0 3.45 13.0  4.49 18.0 6.22 19.0 6.56 28.0 9.67"
2 9.0 ©3.11 12.0 4.15  16.0  5.53 18.0 .22 25.0 8.64
3 9.0 3.11 12.0 4.15  16.0 5.53 18.0 6.22 25.0 8.64
4 11.0 3.80 12.0 4.15 16.0 - 5.53 1.0 6.22 126.0 8.98
5 8.0 3.76 13.0 4.49 17.0 5.87 19.0 6.56 28.0 9.67
6 4.0 1.38 5.25 1.81 - 7.75 2.68  9.25 3.20 12.0 3.11
7 4.5 1.55 - - 6.0 2.07 8.0 2.76 9.0 3.11 12.5 4.32
- 8 4.5 1.55 6.0 2.07 8.0 2.76 9.0 3.11 12.5 4.32°
9 4.75 1.64 6.25 2.16 8.5 2.95 9.5 3.28 12.5 4.32
10 4.75 1.64 5.50 1.90 7.50 2.59 8.0 2.76 10.5 3.63
11 8.0 2.76 10.0  3.45 ~ 14.0  4.84 18.0 6.22 26.0 8.98
12 9.0 3.11 11.0  3.80  14.0 4.84 18.0  6.22 26.0 8.98
13 8.0 2.76 10.0 3.45 12.0 4.15 16.0 5.53 22.0 7.60
14 8.0 2.76 10.0 3.45 12.0 4.15  15.0 '5.18 20.0 6.91
15 11.0 3.80 13.0 4.49  14.0. 4.84 16.0 5.53°22.0 7.60



APPENDIX~-C.43 =+

Calculation of sectional limiting current densities (iL amps/m?) and local

average mass transfer COefficients(Klav,m/s), Initial bed height=12.0cm.

Particle size = 6.0 mm.

Flowrate 5.7 6.3 7.0 8.2 9.5

lit/min ; ; ' ; . .,

g:ztggié i Klav X 10 i, Klavx10 i KlaleO i, Klavx10 i, KlavX10

: amps/m?2 m/s a;nps/m2 m/s amps /m? m/s amps/mf m/s amps/m?2 m/s

1 12.0 4.95 13.0 4,49 20.0 6.91  21.0 7.25 . 30.0 10.36

2 11.0 3.80 11.0 3.80 17.0 5.87 19.0 6.56 24.0 8.29

3 11.0 3.80 11.0. 3.80 17.0 5.87 - 19.0 6.56 24.0  8.29

4 11.0 3.80 11.0 3.80 17.0 5.87 19.0 6.56 25.0 8.64

5 12.0 4.15 12.0 4.15 16.0 6.56 19.0 6.56 26.0 8.98

6 6.5 2.25 5.5 ©1.90 6.75 2.33 8.25 2.85 10.0 3.45

7. 8.0 2.76 6.25 2.16 7.0 2.42 9.0 3.11 11.0 3.80 -7
- 8 6.0 2.07 5.0 1.77 6.75 2.25 8.0 2.76 10.0 3.45

9 7.0 2.42 6.0 2.07 7.25 "2.50 9.0 3.11 - 10.75 3.71

10 6.5 2.25 5.5 1.90 7.25 . 2.50 8.0 2.76 . 10.5 3.63

11 8.0 2.76 8.0 2.76  '11.0 2.80 13.0 4.49 20.0 6.91

12 9.0 3.11 9.0 3.11 11.0 3.80 13.0 4.49  -20.0 6.91

13 9.0 3.11 9.0 3.11 11.0 3.80 12.0 4.15 18.0 6.22

14 9.5 3.32 9.0 3.11 12.0° 4.15 12.0 4,15 18.0  6.22.
" 15 15.0 5.18 14.0 4.83 15.0 ©5.18  16.0 4.49 20.0 6.91.



APPENDIX-C.44 : Calculation of sectional limiting current densities (iL amps/m?) and local

average mass transfer coefficients(Klav,m/s), Initial bed height=8.0 cm.

Par;icle size = 6.0 mm.

O ~J g N W N

Flowrate 5.7 7.0 : 8.2 . 9.5 ' 10.0
lit/min _ . . . .,
gzzzigis i, Klav X 10 i KlavXIO i, Klavx10 i KlaVXlO i, KlaleO
amps/m2 m/s amps/m? m/s amps /m? n/s amps/m2 m/s amps/m?  m/s
15.0 5.18 . 19.0 - 6.56 36.0 12,43 32.0 11.05 24.0 8.29
13.0 | 4,49 17.0 5.87 30.0 10.36 ' 25.0 8.63 19.0 6.03.
13.0- 4.49 17.0 5.87 . 30.0 10.36 27.0 ) 9.32 19:0 6.03
1 13.0 4,49 17.0 -5.87 31,0 10.71 27.0 9.32 19.0 6.03
12.0 4.15 18.0 6.22 33.0 11.48  28.0 9.67 20.0 4.16 —
8.25 2.85 7.0 2.42 11.0 3.80 10.0 - 3.45 8.0 2.76 &
9.0 3.11 8.0 2.76 13.0 4.49 11.0 3.80 9.5 3.28
8.5 2.94 T 7.75 2.68. 12,0 4.14 10.5 3.63 9.5 3.28
9 7.5 2.59 7.25 2.50 10.0 3;45 9.0 . 3.11 8.0 2.76
10 7.0 2.42 7.0 2.42 9.5 . 3.28 8.75 3.02 8.0 2.76
11 11.0 3.80 10.0 3.45 15.0 5;18 17.0 5.87 16.0 '5.53
12 - 11.0 .3.80 11.0 _3.80- 17.0 5.87 18.0 6.22 16.0 5.53
13 11.0 ~ 3.80 ©10.0 " 3.45 15.0 5.18 17.0 5.87 14.0 4.84
14 11.0 3.80 10.0  3.45 16.0  5.52 17.0 5.87 14.0  4.84
14.0 " 4,84 | 14.0 4.84 20.0 . 6.91 20.0 6.91 lﬁ.O 5.87

=
wu



APPENDIX-C.45 : Calculation of sectional limitihg current densities (iL amps/m?) and local

average mass transfer coefficients(Klav,m/s), Initial bed height=16.0cm.

Particle size = 4.5 mm.

Flowrate 4.3 | 5.0 5.7 6.3 7.0
lit/min i - L i | i
g:ggigis' i K, X100 i K X100 i K X100 iy Ko @10 1y K %10

amps/m? m/s amps/m?2 .m/s  amps/m? m/s ‘amps/mz m/s amps/m2 m/s
1 10.0 3.45 11.0 3.80 17.0 5.87 21.0 7.25  24.0 8.29
2 9.0  3.11 9.0 3.11  16.0 5.53  20.0 6.91  18.0  6.22
3. 9.0 3.11 9.0 3.11  18.0 5.18 22.0 7.60 20.0 6.91
4 9.0 3.11 9.0 3.11 . 12.0 4.15 24.0 8.29 24.0  .8.29
5 9.0 3.11 9.0 3.11  14.0 4.84 24.0 8.29 24.0 . 8.29
6 6.5 2.25 4.5 1.55 7.0  2.42 11.0 3.81 ‘8.0  2.76
7 6.0 . 2.07 5.0  1.73 8.0  2.76 11.0 3.84 9.0  3.11 @
8 6.0 2.07 4.75  1.64 8.5 2.94 10.5 © 3.63 9.0 . 3.11
9 6.0 2.07 5.0 1.73 7.0 2,420 12.0 4.17 10.0  3.45
10 6.0 © . 2.07 5.0 1.73 7.0 2.42 12.0 *  4.15 11.0 3.80
11 8.0 2.76 9.0 3.11 10.0 3.45 22.0 7.60 14.0  4.84
12 9.0.  3.11 9.0 3,11 12.0 4.15 24.0  8.29 ~ 20.0  6.91
13 8.0 2.76 9.0 - 3.11 12.0 4.15  20.0° 6.91 18.0 . 6.22
14 8.0  2.76 9.0 3.11 12.0 4.15  20.0 6.91  18.0  6.22
15 9.0 3.1l 10.0 - 3.45 14.0 4.84 18.0 . 6.22 17.0  5.87



APPENDIX-C.46 : Calculation of sectional limiting current densities (iL'amps/mz) and local

average mass transfer coeff;cients(Klav,m/s), Initial bed height=12.0cm.

Particle size = 4.5 mm.

Flowrate

lit/min & : 6 : — 66— 6
gzziggis i, Klav X 10 ip Klavx1o CiL KlaVX10 i, KlavX10 i, KlavX;O

_amps/m? m/s amps/m?2 m/s amps /m? m/s amps/m? m/s amps/m?2 m/s

1 14.0 4,84 12.0 4.15 18.0 6.22 28.0 9.67 26.0 B.98
2 12.0 4.15 11.0 3.80 17.0 5.87 ° 24.0 8.29  .24.0 8.29
3 12.0 4.15 11.0 3.80 17.0 5.87 24.0 g8.29 24.0 8.29
4 10.0 3.45 11.0 3.80 17.0 5.87  24.0 8.29  23.0  7.95
5 11.0 3.80 11.0 3.80 17.0 5.87 25,0 . 8.64 24.0 8.29
6 7.5 2,59 5.75 1.99 7.0 2.42 10.0 3.45 12.0 4.15
7 8.5 - 2.94 6.5 2.25 8.0 2.76 10.5 3.63 13.0 4,49
é 8.5 - 2.94 _ 6.5 - 2.25 7.25 2.51 11.0 3.80 11.5 3.97
9 7.5 2.59 5.75 1.99 7.75 2.68 li.O 3.80 10.5 3.63
10 6.5 2.25  5.25 1.81 7.25 2.50 10.5 ° 3.63 10.5 3.63
11 B.O - 2.76 8.0 2.76 12.0 4.15 16.0 5.53 16.0 5.53
12 9.0 3.11 9.0 3.11 12.0 4.15 17.0 B.87" 18.0 6.22
13 10.0 ‘ 3.45 9.0 3.11 11.0 3.80 14.0 4.84 16.0 5.53
14 A 10.0 3.45 10.0 1 3.45 - 11.0 3.80 14.0 . 4,84 18.0 6.22

15 12.0 4.15  11.0 3.0  14.0  4.84 17.0 5.87.  22.0 - 7.60

ov1



APPENDIX-C.47 : Calculatidn of sectional limiting current densities (iL amps/m2) and local”

average mass transfer coefficients(Kla ,m/s), Initial bed height= §.0cm.

Particle size = 4, 5mm. Y

Flowrate 7.0 : 8.2 : 10.1
lit/min S - c
giﬁi‘fgﬁs i Kigy X107 i Kia9%10°  ip Klavxyo”

amps/m?2 m/s amps/m?2 m/s amps /m? m/s
1 24.0 8.29 30.0 10.36 24.0 . 8.29
2 22.0 7.60 26.0 8.98 -~ 24.0 8.29
3 20.0 . 6.91 "~ 26.0 8.98 22.0 7.60
4 18.0 6.22 28.0 9.67 26.0 8.98
5 20.0 6.91 30.0 10.36 30.0 10.36
6 9.5 3.28 9.5 3.28 1 10.0 3.45
7 12.0 4.15 14.5 5.01 - 10.0 3.45
8 11.5 3.97 13.5 4.66 11.0 3.80
9 10.0 3.45 12.0 4.15 12.5 4.32
10 9.0 3.11 1.0 3.80 12.5 4,32
11 12.0 4.15 . 16.0 5.53 18.0 6.22
12 14.0 4.83 © 18.0 6.22 200 6.91
13 14.0 4.83 . 14.0 4.84 ~18.0 6.22
14 16.0 5.53 18.0 5.53 18.0 6.22.
15 18.0 6.22 20.0 6.91 14.0 4.84

CIvT



APPENDIX-C.48 : Calculation of sectional limiting current densities (i, amps/m2?) and local
' average mass transfer coefficients(K‘lav,m/s)} Initial bed height=16.0cm.

Particle size = 3.0 mm.

F%owrgte ) 5.7 6.65_ 7.6
lit/min : . . .
gzzzigis i Kiay X 10~ i Klavxm" ip Klavxm*’
amps /m? m/s amps/m? m/s amps/m? m/s
1 14.0 4.84 22.0 7.6 36.0  12.44
2 12.0 4.15 18.0 . 6.22  20.0  6.91
3 14,0  4.84 22.0  7.60 32.0.. 11.05
4 10.0 3.45 14.0 4.84 30.0 10.36
5 10.0  3.45 20.0 6.91 34.0 - 11.74
6 6.0 3.07 8.0 =~ 2.76 11.5  3.97
7. 7.0 2.42 9.5 3.29 S12.0 © 4.14
8 7.0 2.42 9.5 S 3.11 12.5 4.32
9 6.5 2.25 10.25  3.54 12.5 4.32
10 6.0 - 2.07 " 9.5 3.28 1.5 3.97
11 9.0 .- 3.11 16.0  5.53 - 18.0 6.22
12 10.0 3.45 20.0 6.91 30.0 10.36
13 10.0 3.45 - 14.0 4.84 24.0 8.29
14 10.0 3.45  16.0 5.53 20.0  6.91
15 14.0 4.84 8.0  6.22  18.0 6.22

- —— ——

vl



APPENDIX-C.49 : Calculation of sectional limiting current densities (iL amps/m2) and local
' " average mass transfer coéfficients(Klav,m/s), Initial bed height=12.0cm.

Particle size = 3.0 mm.

O ~ O U s W R

Flowrate 5.7 _ 6.3 ‘ 7.0 7.6 .. 8.9 _
lit/min ; . ; . ‘ ' .
ggzzigis i, Kygy X107 ip Ky, X107 ip Ky gX107  ip Ky, X107 1 Ky o X10°

amps/m?\ m/s amps/m?2 m/s amps/m? m/s ramps/mz m/s amps/m?2 m/s

2.07 10.0 3.45 . 10.0 3.80 14.0 5.18  20.0 6.91

2.07 . 9.0 3.11 - 9.0 3,11 12.0  4.15 16.0 5.53

2.07 8.0 2.76 9.0 - 3.11 11.0 3.80 16.0 . 5.53

1.73 8.0 2.76 8.0 . 2.76, 12.0 4.15 16.0 5.53

: 1.73 - 8.0 2.76 - 8.0 2.76 12.0  4.15 18.0 6.22

3.0 0.95 5.0 1.73 4.5 1.55 6.0 2.07 6.0 2.07

3.0 0.95 4.0 1.38. 4.75 1.64 6.5 ° 2.25 8.0 2.76

2.5 0.86 4.25 1.47 5.0 1.73 6.5 2.25 8.25 2.85

9 3.0 ©0.95 4.50 1.55 5.25 1.81 6.5 2.25 8.25 2.85

10 . 2.5 0.86 . 4.5 1.55 5.0 1.73 7.0 2.42 8.50 2.93

11 4.0 1.38 6.0 2.07 7.0 2.42  10.0 .  3.45 12.0 4.15

12 5.0 1.73 7.0 2.42 9.0 3,11 11.0 3.80 16.0 5.53

13 5.0 1.73 8.0 2.76 §.0  2.76 10.0 3.45 13.0  4.49
14 5.0 © 1,73 8.0 2.76 8.0 2.76  10.0 3.45  12.0 4.42

15 6.0 - 2.07 8.0 2,76 10.0 3.45 11.0 3.80 12.0 4.42°

[ AN



APPENDIX-C.50 : Calculation of sectional limiting current densities (iL amps/m2?2} and local

" average mass transfer coefficients(Klav,m/s), Initial bed height=8.0 cm.

Particle size = 3.0 mm.
Flowrate 5.7 . 6.3 : 7.0 8.2 9.5
lit/min . . ; o .
gzziggis i ‘ Klav X 10 i Klavx10 ip | KiaVX1Q i KlaleO i, Klavx1o
amps/m?2 m/s amps/m? m/s amps/m? m/s - amps/m?2 m/s amps/m2 m/s

1 2.76 12.0  4.15 18.0 6.22 19.0 6.56 20.0 6.91
2 2.42 . 11.0 3.80 16.0 5.53 16.0 5.53 17.0 5.87
3 2.42 11.0 3.80 16.0 5.53 15.0 . 5.17  17.0 5.87
4 2.42 11.0 3.80 16.0 5.53 15.0 5.18 17.0  5.87
5 ) 2.07 12.0 4.15 16.0 5.53 16.0 5.53  18.0 6.22
6 3.5 1.21 5.0 1.73 7.75 2.68 7.0 2.42 6.0 2.07
7 4.0 1.38 6.0 2.07 8.25 2.85 6.5 2.25 8.0 . 2.76
8 4.5 1.55 - 5.7 1.99 7.6 2.59 6.5 2.25 7.75 2.68
9 4.5 1.55 5.75 1.99 7.0 2.42 6.5 2.25 7.75 2.68
10 4.0 " 1.38 5.25 1.81 6.5  2.25 5.5 1.90 7.75 2.68
11 6.0 2.07 9.0 3.11  © 12.0 4.15  12.0 4.15 15.0 5.18
12 8.0 2.76 9.0 3.11 10.0 3.45 14.0 4.83 16.0 5.53
13 8.0. 2.76 3.0 3.11 12.0 4.15  14.0 4.83 14.0 -  4.83
14 8.0 - 2.76 11.0 3.80 11.0 3.80 12.0 4.15° 14.0 4.83
15 10.0 . 3.45 12.0 4.15 - 14.0 4.84 14.0 4.84 16.0 5.53

AA!



APPENDIX~C.51 : Calculation of necessary terms for the mass transfer correlations

4.03 ‘ .0.180 0.79

1.89

Particle sizé’= 6.0 mm.
Flow " Initial Limiting = Average Superficiél - Voidage StISc2/3X103 ud
rate bed current mass transfer Velocity ' Re = vil-¢ )
‘liter/min height i coefficient Um/s - 2/3
6 _ € =K__¢e Sc™' /U
K_. X 10 m/s av
amp/m?2 av g
6.03 2.08 ©0.095 0.585 1.80 1333
. 7.73 2.67 0.105 0.620 2.21 1669
16.0 10.27 - 3.55 - 0.117 0.649 2.53 2078
11.8 4.08 ‘ 0.137 0.685 3.25 2815
15.87 5.48 ' 0.158 0.739 2.98 4087
. . =
. 5
5.7 8.10 2.81 0.095 0.577 2.39 1308 ’
6.3 _ 7.33 2.53 _ 0.105 0.610 2,11 1632
7.0 12.0 9.63 3.33 . 0.117. °~ - 0.638 2.34 2015
8.2 10.93 3.78 0.137 0.678 2.30 2653
9.5 14.46 4.98 0.158 . 0.74 2.63 4014
5.7 B
5.7 8.80 3.10 - 0.095 0.62 3.01 1415
7.0 9.7 3.35 . 0.117 0.674 2.87 2055
8.2 8.0 15.4 5.33 ' 0.137 0.724 3.79 2885
9.5 14.17 4.89 = 0.158 0.76 2.73 4122
10.8 11.67 5934



APPENDIX-C.52 : Calculation of necessary terms for the mass transfer correlations

Particle size = 4.5 mm.

Flow Initial Limiting Average ' Superficial Voidage StIScz/BXIO3 - ua
rate bed current mass transfer Velocity . .o ReI= ;T%:E y -
liter/min height iL coefficient U m/s —K g 2/3 g o
K. X 10 m/s “Rav © c/
2
amp/m av _ ,
7.0 2.42 0.072 0.557 . 2,527 : 707
.0 _ 6.3 2.19 " 0.083 ©0.594 2.273 ' 871
5.7 16.0 9.47 . 3.27 ' 0.095 0.628 2.907 1161
6.3 ] 14.67 5.08 0.105 0.667 4.34 1473°
7.0 12.83 4.43 0.117 0.705 4.01 1924
| ‘ ~
5.7 ‘ 8.73 3,02 0.095 0.660 - 2.95 . 1220
6.3 ' 7.40 2.56 0.105 0.685 4.46 1415
7.0 12.0 ©9.83 3.40 0.117 0.717 3.33" | 1802
7.6 . 13.83 4.77 0.127 0.74 : 3.60 . 2302
8.9 | 14.67 5.08 0.148 0.792 3.33 3468
7.0 12.87 C4.45 0.117 0.738 3.73 . . 2056
8.2 - 8.0 15.57 . 5.37 0.137 0.795 3.92 3192 -~

10.1 14.6 5.04 0.l68 0.843 3.00 © 5302



APPENDIX—C.53 : Calculation of necessary terms for the mass transfer correlations

Particle size = 3.0 mm.

Flow . "Initial Limiting Average Superficial Voidage StIScz/.BXlO3 ) ud
rate bed current mass transfer Velocity . Re = 1=zt )
liter/min height iL coefficient U m/s =K 2/3/ v €
' K X 10° m/s : ' “Rav © Sc u
2
amp/m av
5.7 - - 8.10 2.798 0.095 0.596 ' 2.51 : 675
6.65 16.0 12.43 3.75 0.111 0.664 ~ 3.08 979
7.6 - | 16.73 5.78 0.127 0.717 3.71 1304
3.53 S 1.22 0.095 0.621 1.16 709 - .
5.63 1.94 0.105 0.657 1.74 309 &
~J
. 12.0 6.17 2.13 . 0.117 0.700 1.79 1190
7.6 : . 8.13 2.81 0.127 0.723 - 2.10 1494
) 10.23° : 3.54 ' . 0.148 0.782 " 2.12 . 2345
5.23 1.81 0.095 0.657 1.65 852
7.23 2.54 0.105 0.718 2.30 1188
8.0 9.63 3.33 0.117 0.753 2.57 1557
- 9.17 - 3.18 0.137 0.782 ° 1.88 2114

9.5 . . 10.43 3.60 0.158 0.828 2.07 3229

iy ——— —



148

- APPENDIX-C.54: Mass Transfer Correlations ; '4;
%
o : . -
Mass transfer correlations have been found for different

'particle'sizes by regressional analysis done by a computer

program and the correlations are as follows:

For 30 mm particle size

StISc2/3 = 0.0494 Re;0'40

(Standard deviation = 15.48%)

For 4.5 mm particles

st (sc)?/3 = 0.0383 Re[°"’

(Standard deviation = 11.30%)

For 6.0 mm particlés

2/3 _ 025

St} (5c) 0.0195 Re;
{Standard deviation = 12.66%)



APPENDIX D

Computer program listings

149



150
KKK K KK OR K KK K SRR KKK KOK K KR K OK R OK KK SOROK KK K KR SKCEOKCK KKK R OKOKCOKK KOO O
*  This program fits a sets of data using the methode of lesst sguares. ¥
¥ “The following provisions are included to extends its aenarality: ¥
S Fower function :
¥ - Euponential function
¥ — & polynomial of upto ninth (10 terms) degrees

**#***#*#*#***#i***#*#**##***##***#*****#*******#******#******#*#**#
YERRRREERELKEREY Variable Tdentification 0looooioonono R R R onon
NDATA= MNunber xf pairs of inpul data

¥
¥
*
¥k Aok
R AR
X MNDETA-elemsnt vector ) %
’ X
*
*
X
¥
¥

E 3

¥

¥ Y

% M Input guantity indicating the type of curve to he used
% M= indicates the power function '
) 4

¥

Hnh

MDATA—element veotor

N=1 indicates the exponential function
Mm@, T, ..10 indicates the polynomial of gegree {M--1)

KK KRR R KKK KK KR KRR OKROKOKR R R KK KKK ACKOR OO RO OK K K OKCKK K KOOI KOO R KOk K

CFARAMETER (NDATA=T) ' ’

DIMENSION X{NDATAY,Y(NDATAY A(2,3),D(2),C(2
OFEN(UNMIT=5,FILE="S0D2" ,3TATUS="0LD" )
QFEM(UNT T=6 ,FILE="RESLULTZ ,STATUS="NEW" )
READ(S,8) N
O 400 I=1 ,KNDATA
READ(S,9) Y(I),X(I)
400 COMTERMUE

8 FORMAT(TL)

9 FORMAT(ELZ. S, Fb6.0)
¥ TOWRITE(S,3001) M . .
X001 FORMAT (/10X INFUT N=0 FOR A FOWER FUNCTION' /710X, 7 TRNFPUT N=1 FOR

PaM EXFONENTIAL FUNCTION  //10X, INFUT M=2,3..10 FOR A FOLYMOMIAL OF

2 PEGREE (M—1)"//710%,  INFUT W=’ ,IZ///10X%, %-VALUES' 10X, ¥-VALUES'

TALOX,B(IH-} 10X 8{1H-) /) - .

IF(N.GE. 2} BOTO 110
DO 420 T=1,MNDATA
YT =ALOGE{Y (1))

450 CONTINLIE
IF(N.ER. LY BOTD 110

ng 4%% T=1,NMDATA
X1y =aL0GX (1))
A5 CONT LNUE
110 Mi=n
TF(RLLGE.2)Y BOTO 120
Mi=3
20 DD 440 T=1 LML
DO 440 J=1 M1,
AT, T1=0,0
D(T)=0.0
440 COMTINUE
DO 450 Ts=1 M1
DO 460 J=1 WA
TEC(IHIYLGT.2) GOTD 130

. AT, I y=NDATA
GFOTO 4460
130 DR 470 k=1 NDOTA
AT Jy=0(I, Iy +X (E)XR(I+I-2)
470 COMTINUE
4450 COMT ITMLH

DO 4890 K=1,MNMDATA
IF(T.6T.1) 60OTO 140
DEDy=D{T)+Y(F)
GOTO 40 :
140 DETY=D(E+Y (RYRX (R RkK (I-1)
480 CONT T RUE
450 COMTIMUE
M2=PN1+1
DO 490 I==1,Nl
AT, M2Y=D(1)
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[[N1[NHL

CALL SIMUL (AT NL,NZ)

TF(N.BT.1) GOTG 150

Si=EXF (1))

TF(M,EQ. LY GOTD 140

WRITE (6,32007) 0L G(2)
FORMAT (/10X ,  FOWER FUNCTION: Y=’ ,F10
GOTo 170 -

WRITE (b,5004) C1,0(2)

LSBT XKR

FORMAT (710X, ° EXF”NEN[IML FUNMCTION: Y= Fin

TXY L)

GOTO J?ﬁ

TE(C(R) WBE.O.0) GUTO 180
NhT|b(hn;)HH) Gl .00
FORMAT(/10%,  POLYNOMIAL FUNCTION: Y=
BOTO 190 :

WRITE (6,3006) C(1),608)

FORMAT (710X, FOLYNOMIAL FUNCTION: Y=’

TF(N.EQ, LOTD L70
DO SO0 T=3,N
L= —1
FROC(T) LG8 000) GOTO 200
WRITE(R,2Z007) C{L),L
EOTO 500
WRITE(SH, 2008 C(1) .0
CONT I NUE
FORMAT (40X, Fln B K**’ %)
FORMAT (80X, LFLOUE, X*# 13D

JFLOUE/)

s EXP{FL10.

subhouilne SIMUW. to solve slmultaneous linear equations

TLF10.EFL10.Z3,7 X /)

10T

0 FA0.E,

¥ Frint input values of » and y and calculated values of y

¥
170

10

)

10
EOO00

IF{MN.GE, 2} GOTO 210 '
DO 5140 I=1,NMDATA

YT =EXF(Y (1))
COMTINUE
IF(H.ER.L)Y BAOTO 210

‘DO SR I=1,NDATA

XCI)=EXF(X (1))
CONT INUE
WRITE (6, 5009) ~
FORMAT (/10X , 7% 10X, " Y{Actual)’ y3X, "

REO

220

w40
240

BT
OO

011

PTEFCLIH=) L 2XY /)
By, 0

DO SED Lnﬁ NI%1I{%_

¥ L {1#?(1)*#U(;)
hDIJ 240
YI=C1laEXF(CI2IRX(In
Gn|n A
¥1=0C(1)
DG 540 J=3Z K
Y1l=Y1+C (TR X(IY¥x(JI-1
CHHTINUE .
TG AANBELABFASEEE BISIANRE &
vanE(6,3Q10) X(E),¥(I}),Y1
CONT I MUE
FORMOAGTE1OY , FJH.A"l..._I:_J” TSI X)}
S=SART (S /NDATA) . o
NRTIFfé,hUt1) )
FORMAT(/ /710X, % Standard deviation=’
STOR

T EMND

Y(Cala)’

LD D)

/10%

SIa)
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SUBRODUTTME SIMUL (A,C.M.N)
DIMENGTON A(M,N) (£ (M)
DO 411 kE=1,M -
FIVOT=A (K k)
TF (ABS (FIYOT) JLE.0.0001) GOTD 20
DO 412 J=E,N
_ G, Ji=0(K,J)/FIVOT
417 CONT IMUE
DO 417 I=1,M
TF{T.EQ.K) GOTO 413
FIVI=a0T k)
DO 414 J=k, 0
: BT, =A0T, -FIVIRA(E, )
414 CEN T IMLUE _
a1 CONT INUE
411 CONTIMUE
DO 415 J=1,M
COT)=A0T M)
415 CONTINUE
RETLIF

SOOWRITE (6, 3000) K :
2000 FORMAT (10X, 'Fivot element’ ,12,'is close to zero’/)
RETLRN
END
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