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ABSTRACT

The present work has been undertaken in order to study mass transfer
rate by different modes of covection in a vertical parallel plate electro-
chemical reactor using copper electrodes. The types of convection used
are (a) forced electrolyte recirculation with sudden expansion at the
entrance and sudden cont~action at the exit of the cell and (b) electrolyte
flow through a fluidized bed in the same cell. Current distributions and
mass transfer rates under different hydrodynamic conditions within the
cell were obtained by measuring the current at different sections of the
cathode by employing the copper deposition reaction from acidified copper
sulphate solution. Mass transfer data were generated by using the limiting
current technique.

In the case ,of forced electrolyte recirculation through the empty
cell, results were obtained for a wide range of flow rates and compared with
previous work. Explanations have been presented for the similarities and
dissimilarities between the present and past work with special attention to
the shape and condition at the reactor entrance and exit. For the case of
the electrolyte flow through a fluidized bed data was collected for flow
rates upto the point of fluidization with entrainment. OJerall mass
transfer correlations were obtained for both systems and compared with the
relevant equations found in the literature.

An extensive literature survey of the basic principles governing the
theory behind electrochemical processes and mass transfer in different
forced convection systems have been included.

The physical properties of acidified copper sulphate solution, the
cell dimensions and the results obtained are presented in the appendices.
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Chapter I

INTRODUCTION

Electrodeposition of metals from solutions like electroplating,
electrowinning and electrorefining are very important industrial
processes. Electroplating is perhaps the most wLdely used electro-
chemical method in which thin surface layers of metal or metal substrate
are deposited to improve the chemical and physical properties of the
material upon which deposition takes place. Electrowinning involves
the primary recovery of metals by electrodep~sition from dilute or
moderately concentrated solutions of metal ions .. While electrorefining
means purifying a metal by a combination 0f dissolution of an impure
anode of the metal and deposition of pure metal at the cathode.

Mass transfer stud~es of electrochem~c~l processes are done
in order to ensure good quality deposits, because if the rate of
mass transfer is not uniform and intens~ve over the whole of the
electrode then poor and uneven depesition .may occur. The desgin of
electrochemical reactors requires a thorough understanding of the mass
transfer mechanism together with oth£r related transport.proces~es
taking place within it. Mass transfer processes gqvern the local

current density and local potential in a cell. The maxmimum practical
operating current in a reactor depends mainly on the hydrodynalliic
conditions prevalent at the electrodes. Generally operation at low
current densities gives good qual~ty deposits put the rate of mass
transfer is not uniform over the whole of the electrode and locally
high rates can cause poor electrodeposition. Well defined and
controlled forced convection can g~ve rise to better and uniform rates
of deposition. T-hus, the systematic treatment of transport. phenomena
in chemical engineering has produced a solid basis for analyzing free
and forced convective mass transfer in electrochemical devices.
Applying analogies between momentum, heat and mass transfer, electro-
chemical measurements provide insight into the fundamental nature of free
and forced convection, especially for flow cells under laminar,
turbulent and fluidized bed conditions. This approach has facilitated
the obtaining of transport rate correlations which are useful for
design purposes in non-electrochemical systems as well.
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Experimental mass transfer data have mainly been obtained in
systems with long hydrodynamic entrance and exit regions, thus
ensuring that the flow is fully developed. When applied to the- design
of practical reactors such data result in overdesign. Moreover,
entrance regions of the above kind are not desirable in a working
reactor. Keeping the above facts in view, the present work has been
undertaken to investigate the rate of mass transfer in the cathodic
deposition of copper from acidified solutions of copper sulphate using
a cell with sudden expansion at the inlet and sudden contraction at
the outlet. Different methods of forced convection including the use
of a fluidized bed electrolyte have been utilized to generate and
present design data in engineering terms that is more relevant to
practical systems. This study is also important industrially for
electrorefining processes for the dissolution at the anode and
deposition at the cathode from very low concentration of ions. 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 experimental results gathered can be adequately used for industrial
processe's.

Inspite of the fact that in engineering studies of reactor designs
emphasis has changed from classical flow geometries, for which theoretical
solutions are available, to more specialised ."~~8:igns, the present research

. ',;.

work uses a parallel plate ~onfiguration due to ~ase of design,
construction and maintenanc~ and for the uniformity of current distri-
bution. The chosen shape of the cell also provides a surface area to
volume ratio second only to particulate cells.

The proposed investigation~tilizes the Cu - CUS04 combination
because here the rate of mass transfer is very important since it

determines the maximum rate at which a reactor can be efficiently
operated. Moreover, the system is stable, has been used by previous
workers and has direct bearing on existing electrochemical processes.
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A comprehensive review of related literature has also been
presented including a discussion of the theoretical principles
pertaining to the system under consideration. Experimental results
are presented, correlated and evaluated for the different modes of
operation. Comparisons have been attempted between the present study
and the previous relevant works.



Chapter 2

ELECTROCHEMICJI.L PRINCIPLES

2,1 INTRODUCTION

~l , 4

2.2

2.2.1

A review will be made of relevant literature together with a study of
the theoretical principles governing the electrodeposition of metals in
an electrochemical reactor with special emphasis being put on the copper
deposition process. The main electrochemical aspects that will be
considered are electrode kinetics, mass transfer principles and current
distribution. The performance of an electrochemical reactor are
strongly influenced by the above mentioned factors.

BASIC ELECTROCHEMICAL FACTORS

FARADAY'S ..LAW OF EIECTRO:::HEMISTRY

The amount of products formed in an electrochemical reactor is
governed by Faraday's law of electrolysis which states that the passage
of 96500 coulombs (amp sec) of electricity through an electrochemical
cell produce in total one gram equivalent of product at each electrode.

Le. Mole produc~d (n) It/ZF (2.1)

Where I is the amount of current passed

t is the time of passage of current

Z is the number of electrons involved in the
reaction

F is the one Faraday (96500. coulombs)

Very often more than one reaction occurs at an electrode, the
ratio of amount of current consumed for a specific react:ion to tht2! total

current is known as the current efficiency of the reaction.' In
general, the current efficiency for the deposition of a metal is close
to 100%, the difference being due to evolution of hydrogen and
co-deposition of another metal. In copper ~i~Ji~owinningdeparture
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from 100% current efficiency occurs due to the presence of ferric
ions in solution that are reduced according to the scheme

3+ 2+Fe 0) Fe . To achieve a good product purity without any side
reaction, the reactor must be operated in"a range of electrode
potentials which ensures only the occurrence of the desired reaction.
Tnis is depenoent on thermodynamic and kinetic factors.

MINIMUM EIECTROLYSING VOLTAGE

In an electrochemical reactor the overall reaction is unnatural
in the absence of electrolysis because the free energy difference
between products and reactants is positive. Electrical energy is
supplied to increase the free energy of the reacting species which
changes the free energy difference to a negative value and subsequently
promotes the reaction. This electrical energy is supplied by applying
a certain voltage to the reactor and the value of the minimum electro-
lysing voltage for a given process can be defined as the applied.
voltage necessary to keep the system at equilibrium when no current
flows. The minimum electrolysing voltage Vmin is related to the free
energy change for a cell reaction at a certain temperature and pressure
under thermodynamic equilibrium and it can be written as:

/:'G ZF Vmin (2.2)

Where /:'Gis the free energy change

Z is the number of electrons ~equired for either
electrode reactions to produce 1 molecule of
product

F is the Faraday constant

The free energy change for the reaction
aA + bE --)- cC + dD

can be written as c d
/:'G= /:'G'o+

aC aD (2.3)RT Ln
a b

a
A

a
E
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h~ere R is universal gas constant

T is the absolute temperature

~Go is the standard free energy change
a,b, c and.d are the stoichiometj-.i.c co-efficients

of the reactants and products
a a a aD are the activities of the species

A' ,B' C'
involved

If all the constituents are at standard states, the minimum
electrolysing voltage will be standard minimum electrolysing voltage
and it can be related to the standard free energy change as

ZF VOmin (2.4)

• Where VOmin is the standard minimum electrolysing voltage
corresponding to unit activity of A,B,C and D~

Substituting for ~G and ~Go from
equations (2.2) and (2.4), equation (2.3) becomes,

or,

ZF Vmin

Vrnin

o "ZF V m:Ln + RT Ln

RT Ln
+ ZF

c daC aD
a abaA B
"c d

at aD
a baA aB

(2.5a)

(2.5)

Th~s 'leads to the Nernst equation which gives the minimum

electrolysing voltage with respect to the standard state by the

expression

Vrnin = 'Vrnift 0_.."_"_ RT :{J?rOduct 'of the, "activi tics
.ZF Product of the activities

of
of

reduced specieslL
oxidized speCie~

(2.6)

The minimum electrolysing voltage is also the difference
between the reversible or equilibrium anode and cathode potentials
at a definite temperature and'pressure and this can be expressed as



Vrnin :::: Vq Vc (2.7)
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Where Va is the equilibrium anode potential and
Vc is the equilibrium cathode potential..

2.2.3

The equilibrium anode and cathode potentials are those
electrode potentials which are just sufficient to allow the cathodic
depsition and anodic dissolution reactions to proceed at an
electrode surface at equal rates 50 that no net change occurs.
The copper deposition at the cathode is achieved by the application
of external potential which shifts the potential of the electrode
away frem the equilibrium value and gives rise to a corresponding
current flow which in turn depends.on the reaction rate and kinetic
characteristics of the reaction at the electrode surface. The greater
the difference in potential between the equilibrium and working value,
the greater is the current flow. In a reactor subjected to electro-
lysis the anode potential becomes more positive and the cathode
potential becomes more negative. When electrolysis takes place the
reactions occur irreversibly and the system is said to be polarized.

MASS TRANSFER IN AN ELECTROCHEMICAL SYSTEM

When electrolysis takes place the electrode reactions basically
proceed in the following three steps -

(a) transport of ions or reacting species to the electrode surface
from the bulk of the solution.

(b) reaction at the electrode surface.

Cel bulk transport of the pr0duct from the electrode.

The reaction at the electrode is a charge transfer process and
the supply and removal of ions or reacting species to and from the
electrode ,is a bulk mass tranport phenomenon.

The coppe~ depos~t~on reaction considered in the present study
is a fast process, i~e., the charge transfer step is rapid, while
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the rate 0f mass transfer of the reacting species to the electrode
surface and the preduct to the bulk actually determines the overall
rate of the electrodeposition process. These concepts are considered
more fully in the following sections.

REACTIrnSIN COPPERDEPOSITION SYSTEl".S

~n the electrowinning processes, the copper deposition takes
plqG8 ~n an eleetr.ochemieal re~ctor which consists 0f impure copper
anoqe and a thin ~sheet of pure copper cathode immersed in an
acidified cepper sulphate solution. At the soluble anode, metal is
Q4~d~zed and dissolved as copper ions as follows:

Cu )~Cu2+ + 2e Va
o 0.34 V (2.8)

owpere V~ is the standard equilibrium potential for the reaction at
tpe anode when all the species or ions present are at unit activity.
Ali the potentials referred to in this section, whether due to
anodic or cathodic reactions are the standard equilibrium potentials.
As pr.eviously stated, the equilibrium potential depends on the
activities of the species ppesent in the system, as well as the
temperature and pressure, but for a rough estimation, the standard
'equilibrium potentials will be used.

At the cathode the reduction of ion takes place to deposit
cc;>pJ;'er,

+ 2e ---~)~Cu Vc
o 0.34 V (2.9)

Thus, the theoretical minimum electrolysing voltage for
the 0ve~all reactien is (0.34 - 0.34) = 0.0 volts.

At high current densities and a sufficiently more negative
cathpde pGtenti~l, a secondary reaction occurs, namely hydrogen
eY91ut~Qn, as

+ 2e V 0
c 0.0 V (2.10)
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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.

PRACTICAL VOLTAGE REQUIREMENTS

Tn actual operation.of an electrochemical reactor, the cell
operatin9 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
a V + Ell + Ell + V .-cae s (2.11)

2.3.1

Where V is the cell operating voltage
L:'n is the combined activation overpotential for both processesa

~n is the combined concentration overpotential for bothc
processes

V is the potential drop across the electrolyte.s

An overp0tent~al can be defined as the extra energy necessary
to reduce the energy barrier of the rate determining step to a
v~lue that enables the electrode reaction to proceed at the desired
rate. Activation overpotential is due to charge transfer mechanism
and concentr-ation overpotential is due to the mechanisms governing,
the tpansport of ions or reacting species to the electrode surface.
~qcb electrode reaction has associated activation and concentration
oye~otentials. The total activ~ti9nand concentration overpotentials
w~ll be the difference of anodic and cathodic overpotentials at the
respective electrodes, The different types of overpotentials will
now be considered.

ACTIVATION OVERPOI'ENTIAL

Activation overpotential is basically an electrokinetic
phenomena and is caused by the irreversibility of the electrode
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pr0cess. The irreversibility of an electrode process increases as
the voltage applied to the cell is increased, alter,ing the
potential of each electrode. The change in potential is related to
the cell curr-ent. When the electrode reaction takes place, electron
9r ~Qn t~an?fe~occurs ac~os~a double layer. Reactant and product
?pecies undergo adsorption, desorption, surface diffusion, nucleation
and crystal growth on the electrode surface where applicable.

A theoretical expression can be obtained for the activation
overpQtent~~lby considering the kinetics of a reversible electrode
~eaction fQr copper deposition in equation (2.6), i.e., copper
e~ectroqe~n equilibrium with it? ions and extending this to a
practical situation involving an irreversible reaction. The current
density of deposition, i, is related to the overpotential by an
Arrhenius type of rate constant/activation energy relationship.
~hus an equation for the cathodic current density can be expressed
(if tDe concentration changes close to the electrode are small), as

~.ZFn } {_a exp
RT

(2.12)

Where i is the cathodic current density
t9 ~s the exchange current density which is the value of

cur~entdenpity at equilibrium potential of the electrode
w~en the anodic and c~thodiccurrents are equal.

a ~s the fraction of overpotential assisting the discharge process.

~or appreciable overpotential, when ~ is greater than 0.05
avolts, the.second term in equation (2.12) can be ignored.

This tenn represents the-.-17ate of reaction in reverse direction
which is insignificant at these conditions.

Conseq\'lently

i i o t -~ZFnexp a

RT } (2.13)

Rearranging in a more convenient form we have,
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i RT Ln 7-RT Ln ~ZFna = a'«ZF

or na a + b log i

(2.14a)

(2.14)

Whepe a = RT/~ZF Ln io and b = 2.303 RT~ZF

2.3.2

Equation (2.14) is the "Tafel equation" which relates
oyerpotential to the net anodic or cathodic current. Tafel
equation is ~ost widely used especially for engineering purposes
as ~t pqS ~ practical fQ~m and represents the conditions in
indu$tr~al electrochemical reactors best~

The total cell activation overpotential is the difference of
the ano(~;Lc and cathodj.c overpotentials separately. The variatil:on

Qf ~ctiv~t~on0verpotential with temperature, pressure, current
dens~ty and electrode roaterials on which reaction takes place can be
c9r;r:el.~ted! ;Inmost electrode reactions it is difficult to predict

the dependence of 0verpotentials because of several factors, such as
the state of. the electrode surface, its mechanical treatment, purity
of the electrode, oxide formation and gas evolution at the electrode
surface, pH of the electrolyte and the state of electrolyte during
electrolysis. This si~if~es that the Tafel data obtained under
controlled experimental conditions will not be totally applicable to
large react9r systems, a~though it will give correct order of magnitude~

CONCENTRATION OVERPOTENTIAL

As metal deposition proceeds in the electrochemical reactor,
the concentration of the reacting species or ions close to the
electrode surface decreases in the absence of adequate supply of ions
from the bulk of the solution. This is associated with a rise in
electrode potential as given by the Nernst equation (2.6) and is
knewn as concentration overpotential. The movement of ions is
controlled by three processes -

o
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(a) Molecular diffusion

(b) Reactant transported by macroscopic hydrodynamic flow
known as I1convection".

(c) Movement of ions under the influence of an electric field,
called "ionic migration".

The effect of ionic migration is usually very small in practical
electrochemical reactors, including the copper deposition systems,
as the solutions contain excess of an indifferent electrolyte,
normally acid, the hydrogen ion being the main species that carry the

2+electricity through the solution rather than the Cu ions.
Convection effected by stirring or flow helps to keep a uniform
concentration of the electrolyte in_the cell as well as near to the
electrode wall.

A re~ationship between current density and the mas~ transfer
co~efficient can be written as

i:
ZF (2.15 )

where K is the mass transfer co-efficient
is the bulk concentration of solution
is the surface concentration at the electrode

This expression is an alternative approach to that of Nernst
and ~\errium"s (1905) diffusion layer theory for flow systems. They
propounded that mass transfer occurs by molecular diffusion through
a thin layer of stagnant solution c}0se to the electrode. This
layer has a-~"linear concentrati0D gradient across it with the outer

'.
edge ~aintained at the constant bulk concentration by convection and
~gration. The molar flux across the diffusion layer" can be
expressed by using Fick's law of diffusion as

-t

i
ZF

D

~

-
(2.16)
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Where D is the diffusivity of the ions
£N is the thickness of the diffusion layer.

The value of concentration overpotential can be obtained by

considering Nernst equation (2.6) applied to ionic concentration
for a cathodic deposition reaction of the form

Z+ M
"M + Ze -----7 (2.17)

Before any external potential is applied to the electrodes
the C0Dcentration of ions will be uniform throughout the solution and
the electrodes will be in equilibrium. The cathodic equilibrium
potential V~ is given by

v.c
o RTV. +

c ZF
(2.18)

owhere V is the standard equilibrium cathode potential assumingc
unit activity of metal and its ions .

. .*If the potential is V: during operation when the ionicc
concentration at the electrode surface is cs' then

V *c
V 9
c + RT

ZF Lri (2.19)

The value of concentration overpotential is given by

V
c
* V ~

c

RT
ZF

1Il (2.20)

The simplification made for the derivation of equation (2.20)
is based on the .:_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' any other reactions
to occur.
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Concept of Limiting Current Density

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

Acc0rding to the definition of limiting current, C
s

becomes
negligibly small so that equation (2.15) become

i
L

ZF
= (2.21)

Where i is the limiting current density,L

For a real process Cs is 'not Zero and it has a finite value
for-an electrochemical reaction to occur, otherwise the concentration
overpotential will increase to an infinite value. By eliminating K
and ZFbetween equations (2.15) and (2.21) the ratio of concentration
becomes

i /i = CB _Cs = 1 Cs/ CBL
CB

O;r' Cs i1 - I.eCB L

(2.22a)

(2.22)

Combining equations (2,20) and (2.22), the value of
concentration overpetential is given by

= RT
ZF Ln (1

i/,
1-L) . (2,23)
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The effect of concentration overpotential in an electrochemical
reactor can be reduced by increasing the mass transfer rate (i.e.
decreasing thickness of diffusion layer), resulting in an increase
in the limiting current. The mass transfer co-efficient depends on
the shape and entrance condition of the cell, the electrolyte and the
reaction taking place. The limiting current can be.increased by
increasing.the temperature of the electrolyte causing an increase in
diffusivities.

Figure 2.1 shows a typical polarization curve characterized by
the occurrence of a limiting current plateau and this is terminated

POTENTIAL (V)

FIG. 2.1 TYPICAL POLARIZATION CURVE

by the onset of a secondary reaction, usually a gas evolution. For
the systems where secondary reaction affects the operation of the
reactor, most of the reactors are operated below the limiting current.
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Although practical operation of electrochemical, reactors are
carried out well below the limiting current, because the application
of increased voltage at this stage ,does not improve the electro-
chemical reaction rate and decreases the current efficiency;
lindting current measurements provide a very convenient technique
for mass transfer studies because mass transfer co-efficients (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.

ParENTIAL DROP IN SOLUTION

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

is
--'-
k

(2.24)

2,4

Whe~e ~ ~s the distance between the electrode

K is the electrolyte conductivity

The conductivity of the solution can be increased by the
a~ditionof excess indifferent electrolyte which is normally acid
or alkali and the presence of indifferent electrolyte reduces the
migration flux of the reacting species.

CURRENT' D I STR I'BUT I'ON IN AN 'ELECTROCHEM rCAL REACTOR
------------_._-----------_. __._--------------

A desirable electrochemical reactor is one in which the current
is uniformly distributed. Irregularities from the average current
densities and uneven potential distrbution can lead to a loss in
product selectivity and local corrosion problems. For a parallel
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plate reactor, having an electrode of equal area on the entire
opposite sides of the reactor one would expect uniform current
distribution due to symmetry. When the electrodes are polarized
the current distrubution in a reactor not only depends on the
geometry of the reactor and electrodes but also on the reaction
occurring at the electrode surface, the electrolyte composition, the
effect of ionic migration and concentration gradients and voltage
drop within an electrode. These effects are very important for
systems wherereact~0ns are slow, reactions occur in.a narrow
potential range, electrolyte conductivity is low and where the cell
is operating much below. the limiting current.
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LITERATURE ON ELECTROCHEMICAL MASS TRANSFER

3.1 INTRODUCTION
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3,2

In this chapter, work done by previous researchers in the field
of mass transfer in parallel plate electrolytic cell is reviewed,
since this geometry was adopted in this study. Most of the previous
work has been confined to laminar and 'turbulent flows in reactors
with entrance length or gradual expansion and contraction with very
little reported on mass transfer studies in cells with sudden
expansion and contraction as well as where f~uidized bed electrolytes
have been used to produce agitation. With regard to the.latter,
some genera}' aspects of fluidization have also been discussed.

MASS TRANSFER IN FLOW. SYSTEM

Mass transfer in an electrochemical system under flow conditions
depends on the movement of ionic species, current flow, electroneu-
trality and the hydrodynamics of the system. The flux of any dissolved
species or ions in dilute solutions is given by

N. ~ -Z.D. FC. ~.~ - D. VC. + C~u
~ ~ ~ ~ ~ ~.~ v

(3.1)

Where N. is the -molecular flux of the species i
'1-

Z. is the valency of the species '1-
'1-

C. is the concentration of the species i
<-q, is the electrostat;Lc potential
D. ;is the diffusion co,:""efficient of i

'1--
U is the average velocity of the electrolyte
F is the Faraday constant

For flow systems, equation (3.1) has to be considered along
with hydrodynamics and material balance of the system to obtain a
complete solution. A material balance for a species .i for a small

,r'J
. .' '
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volume of reactor with no chemical reaction in the bulk leads to a
differential conservation law -

=
dt (3.2)

Where t stands for time.

At steady state, the concentration C 'is independent of time so
6c.that '1.-
6t = O. Moreover, in a system where excess of indifferent

electrolyte is present the ionic migration term in equation (3.1)
can be neglected. So, we have the steady state diffusion equation of
the form

,.2
::= D. 'V C.

'1.- '1.-
(3.3)

3.3
3.3.1

Equation 3.3 can be rewritten as

6c. 6c. 6c. ,2 2 2, 6 C. 6 C. 6 C. (3.4)U 1: U t + U •• ( __ '1.-+, '1.- '1.-X --' + Y 6y z -,-= D. -,--+---q){ 6z '1.- 6x2 '2 26y 6z

For a complete solution equation-D-;-4)- must be combined wit,
the equations of continuity and Navier Stoke's -equation which
describe the fluid velocity.

MASS TRANSFER THEORIES IN ELECTROLYTIC CELLS

MASS TRANSFER IN PARALLEL PLATE SYSTEMS FOR FULLY DEVELOPED LAMINAR

FLOW

Under laminar flow conditions with a ful.ly developed velocity
profile, theoretical solutions to the steady state convective mass
transfer equation (3.4) are possible. For infinite parallel plates
in the Z direction, the electrolyte velocity in x direction U is a

x
function of y only. Again, for small values of y the ",xla'i
d~ffusi0n is much greater thqn the longitudinal diffusion, i.e"

,
!
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So equation .(3.4) reduces to2 2o cloy»

ux
oC
ox D

(3.5)

[

An exact solution of equation (3.5) has been presented by
Sellars, Tribus and Klein (1956) for heat transfer following the
approach by Graetz (1883) for convective transfer in laminar flow
in pipe and an approximate solution of Leveque (1928) for heat
transfer on a flat .plate. The Leveque analysis was applied to the
analogous mass transfer case to obtain a solution for electrochemical
mass transfer under the following assumptions -

(a) constant physical properties

(b) uniform concentration at the electrode surface

(c) constant bulk concentration at a large distance from the electrode

(d) the flow is fully developed and the velocity distribution near

y.
b

whe"re b is' t.he distance between electrode

the elecrode surface is given "by
3Uavux

Sh

He obtaineq
Kav de

D

1/31.85 (Re Sc delL) (3.6)

Where Sh is the Sherwood number
Re is the Reynolds number
Sc is the Schmidt number
Kav is the average mass transfer'oo~efficient
de is the equivalent diameter of the cellduct
L is the electrode ...length

Equation (3.6) is valid for low values of (Re Scde/x) and is probably
the more usual equation for mass transfer between parallel plates
but applies strictly only to an electrorefining process where the
change in average concentration is zero. This correlation for "fully
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developed laminar flow gives the lowest mass transfer rates and,
therefore, represents the lowest design limit.

Pickett and Stanmore (1972) derived an approximate relation-
ship for mass transfer co-efficient in a rectangular duct of finite
dimensions, using parabolic velocity distributions in the y direction
only, of the form

1/3
Sh = 1.467 (Re Scde/L)

1/3
(2/1-ty) (3.7)

Where y is the _aspect ratio-b/a.
a is the width of the electrode
Rousar et al (1971) have similarly shown for a rectangular

duct of finite width

Sh 1.85~ (Re Sc delL) 1/3 C3.8)

Where ~ is a correction factor introduced to the Leveque solution
and is a function of the aspect ratio.

3.3.1.1 Experimental- studies in fully developed Laminar flow

The expressiens presented:in section 3.3.1 for m~ss tran~fe:t:"
in a fully developed. laminar __flew .condition have. been subjected to
a large number of experimental studies.

Experimental verification of the Leveque - Graetz solution
for a rectangular duct cell was shown by Tobias and Hickman (1965)
who used electrodes which extended across the wall of the ducts

(3.9)Sh

with a horizontal flow of solution. They obtained

( / )
1/31.85 Re Sc de L

for de/b --> 1.85
which exactly tallied with the theoretical prediction.

Pickett and Stanmore (1972) correlated their experimental
data for a rectangular duct.of aspect ratiq of 0.167 andO. 175 in

\ 0-
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the ranges of 2CD <Re < 2000, 100 < Sc < 3500, 0.25 < delL <.1 as

~..

Sh
1/30.2922.54 Re. Sc. de 1/3

(-) .
L

(3.10)

Most recently, Ali (1982) has carried out experiments in
a rectangular duct cell of aspect ratio 0.95 with a divergent
diffuser exit, convergent reducer outlet and no entrance length. He
has come up with an overall mass transfer correlation .for l~minar
flow conditions of the form

Sh = 1.21 Re 0.49 scl/3 (delL) 0.22 (3.11)

3.3.2

which compares very favourably with the Walker and Wragg (1980)
prediction.

MASS TRANSFER IN TURBULENT FLOW

The most useful empirical expr.ession available for mass
transfer in turbulent flow is the Chilton and Colburn (1934) analogy.
Chilton and Colburn presented an .empirical heat transfer relationship

as

jH 2/3= St Pr = 0.023 Re -0.2 (3.12)

Where St is the Stanton number
Pr is the Prandtl number
jH is the Colburn j factor for heat transfer.

The right hand side of equation (3.12) is
friction factor (f) defined as f = 0.046

equal to half the empirical
-0.2 . .Re , and thlS leads

to a general relationship for mass transfer as

St
m

Sc 2/3 = f/2 = 0.023Re -0.2 (3.13a)

or Sh 0.023 Re 0.8 scl/3 (3.13)

Where St is the mass transfer Stanton number.
m

The equation (3.13) is the best known empirical correlation for
predicting mass transfer in turbulent flow and has been applied
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successfully to various flow systems.

I
5ev~X'~1 work.ers have' studied mass transfer in parallel"

plate cell based on empirical and semiempirical analogies.

Hubbard and Lightfoot (1966) concluded from a statistically
evaluated experimental study that mass transfer in turbuient
conditions is
in the ranges

best represented by the
4 4of 10 < Re < 5X10 and

Chilton and Colburn analogy
1 < Sc < 1000.

Ali (1982) also performed some experiments encompassing
the relevant field. For turbulent flow conditions within his
reactor and for length Reynoids number less than ~7000 upto a
distance of L/de = 7.2 from the leading edge of the electrode,
he' represented his data by the following correlation

, 0.92 1/3
Sh = 0.089 Re' Sc (de/L) 0.16 (3.14) ,

For length Reynolds number greater than 17000 the relationship
obtained is

Sh
\

063 0.92
= o. Re

1/3Sc (3.15 )

3.3.3

All the correlations mentioned until now are for fully
developed veloei ty and concentration profiles and are limited in

application because they can~otbe used for reactors in which the
flow is not fully developed i.e. where the"yelocity and concentration
fields are still in the stage of development:, such as the entrance
and exit regions of reactors where the flow is .subjected to sudden

expansion and contraction respectively. However, they represent
a good basis for comparison of developing and developed flow systems.

SIMULTANEOUSLY DEVELOPING F,LOWAND MASS TRANSFER

Bird et al (1969) developed an equation for flow in a duct
which is suitable for situatibns when the flow has not fully developed

n, '
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but is laminar. They considered the s~tuati0nwhere there is a
uniform velocity and the system is shawn in Figure 3.1. The
authors defined dimensionless quantities as ~

C*
:C - C *.s

C
x

C -
B s

x
de

y* y

de
(3.16)

x

,_ C = C = Constant
It"-. . B

f C = Cs

FIG. 3.1 UNIFORM VELOCITY WITH A CONCENTRATION.GRADIENT

Ignoring diffusion in the direction of flow they obtained

Re Sc =
'2 *
<I C

*2
<ly

(3.17)

which when "solved'with-the relevant boundary conditions"yields

Sh =
Kav de

D
=

2

,I JI

- 1/2(Re Sc delL) (3.18)

An approximate mass transfer correlation for laminar flow
has been obtained form the boundary layer theory by Eckert (1930)
because for simultaneously developing flow and mass transfer their
distribution has the similar form in the boundary layer. It is.

Sh =
Kav L

D

1/2 -1/3
=0.646 ReL Sc. (3.19)
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Experimental studies of simultaneously developing flow and mass
transfer

Bazan and Arvia (1964) using characteristic dimension of
equivalent diameter for a rectangular duct correlated their data as

Sh =
Kav de

D

= 0.525 ReO.5 scl/3 (de/L) 0.25 (3.20)

Wasan et al (1971) obtained a nUmerical solution for mass
transfer in rectangular ducts for turbulent flow in the form

Sh 0.24 0.6 1/3Re Sc
0.3

(~)
L

(3.21)

This equation is applicable for small L/de and small interfacial
velocity.

Using electrochemical methods to-measure mass transfer co-
efficient for turbulent flow conditions in the entrance region for
developing mass transfer boundary layer, Berger and Hau (1977)
correlated their experimental data by

Sh 0.0165 Re 0.86 Sc 0.35
(3.22 )

Pickett ,md Stanmore (1972) obtained an empirical equation

Sh ° 6 1/3 1/40.145 Re . Sc (de/L) , (3.23)

which is appropriate for a parallel plate with L/de" 7'.5

3.4 EFFECT'OF SUDDEN EXPANSION AND CONTR~CTIDN ON FLOW
ENTRANCE REGION MASS TRANSFER

All of the studies previously mentioned, were carried out
on the effects of flow on mass transfer rate in cells where the flow
cross-section remained unaltered at the entrance. In practice
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however, the flow inlets and outlets in cells may be.of varied
shape e.g., sudden expansion at the entrance and sudden' contraction
at the exit, gradual exoansion during entry in a diffuser and
gradual contraction during exit in a reducer etc. The shape of the
velocity profile is changed by varying the shape of the flow entrance
and its effect can be observed quite a distance downstream from

.the entrance. In order, to study the effects of expansion and contrac-
tion on mass transfer rate at flow entrance and exit in a cell, the
problem of secondary flow and backmixing,boundary layer separation,
reattachment and redevelopment regions within the cell as well as
development of hydrodynamic and mass transfer boundary layers should
be considered .

EFFECT OF FLOW ENTRANCE SHAPE ON FLOW DEVELOPMENTS AND MASS TRANSFER

pLot reattachment

)

)

•

FIG. 3.2 VELOCITY PROFILE CHANGES DUE TO SUDDEN

EXPANSION AND CCNTRACTION

After sudden expansion, a secondary flow Occurs in the
boundary layer due to a superimposed external fi~~field and its
direction deviates from that of the external flow. The particles,
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near the flow axis have a higher velocity and are acted on by a
larger centrifugal force than the slower particles near the wall
and ..:this leads to secondary flow directed out-wards in the centre
and in-wards near the wail.

Regions of boundary layer separation and backflow are formed
due to secondary flows and the backflow in the boundary layer leads
to the formation of eddies. These eddies occur in regions where there
is an adverse pressure gradient. In the initial section of a
suddenly expanded cell a rapid decrease in velocity near the wall
in the direciton of flow happens due to the increase in the cross
section and this results in high shear stresses which move inward
as the flow passes through. The turbulence generated by the high
shear stresses enhance the interchange of energy (i.E. kinetic-
energy is transferred into pressure energy as given by Bernouillis'
equation). Fluid elements in the boundary layers lose all their
kinetic energy as they are s"loweddown by friction and pressure forces

so that they come to rest. Since the wall flow is still subjected
to the bulk pressure gradient, it moves backward upstream in
opposition to the main flow as depicted in Figure 3.2. As a
result large scale sepanation occurs and the flow near the wall is
very much distorted with areas of reverse flow. Following the
separation comes the point .of reattachment and subsequently
redevelopment of the boundary layer occurs. Then comes the sudden-
contraction of the flow channel at the exit, but this does not
cause any secondary flow, boundary layer separation or backmixing,
although slight turbulence may be created just upstream from the
outlet.

Krall and Sparrow (1966) investigated the heat transfer
in the separated, reattached and redeveloped regions in a circular
pipe by passing flow through orifices varying from 1/4 to 2/3 of
pipe diameter. They found that the position of the maximum heat
transfer co-efficient is independent of Reynold's number although

a
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its value is directly Proportional to the Reynold's number.
According to them, the position of maximum is consistent with the
point of flow reattachment, but as.the degree of separation increases
the point of maximum heat transfer becomes less defined and
spread out due to violent eddying effect. In recent times, Runchal
(1971), Wilson (1974), and Wragg, Tagg and Patrick (1979) have
studied "axial local mass transfer distributions immediately down-
stream of sudden changes in flow cross-sectional area using the
limiting current technique. Their results were in good agreement
with those of Krall and Sparrow. They found the value of mass
transfer co-efficient for fully developed turbulent flow to be
in agreement with the DitDus Boelter equation. Their correlation
was

3.5

Sh

FLUIDIZATION

0.023 0.88Re 0.4Sc (3.24)

3.5.1 FLUIDIZATION APPLIED TO ELECTR0CHEMICALREACTORS

Fluidization in electrochemical *eactors are of two types,
namely,

C,,) Fluidized bed electrode
(b) Fluidized bed electrolyte

In the fluidized bed electrode type of reactor, the cathode
consists of particulate bodies (generally metallic particles) and
the electric connection is made through-a current collector. On
the other hand, in a fluidized bed electrolyte rea"ctor the anode or
cathode are not particulate bodies, but inert packing particles are
put into the electrolyte. During the present study fluidized bed
electrolyte is used.
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3.5.2 PRESSURE DROP-VELOCITY REIATIONSHIP

The pressure drop-velocity relationship is shown in
Figure 3.3 as given by Carman Kozeny equation, where a fluid is
passed vertically upwards through a bed of particles. The pressure
drop will rise as the superficial velocity of the fluid increases
but the particle will not move until the pressure drop equals the
force of gravity on the particles. This is known as "stat.ic bed"
region represented by CA. Q1 increasing the flow".ratefurther, the
bed expands slightly with the particles still in contact, the voidage
increases but the pressure drop rises slowly. At point B, the
particles are in loose contact and the fluidization at this point is
called theflminim~ilor ''incipient fluidization'~ With further increase

in velocity the particles separate and true fluidization begins.
This is the "Intermediate Region" (from point B to F) and the
pressure drop decreases slightly. From point F onwards the particles

continuous
f luidizati on

batch

fluidization
or

boiling bedstat ic bed

LOG ( U )

FI'G; 3; 3 PRESSURE DROP-VELOCITY 'CURVE
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move more and more vigorously swirling about and travelling ~n

random directions. The contents of the fluidized bed strongly
resemble a boiling liquid and is known as "boiling bed". With
further increase in the fluid velocity the voidage of the bed rises,

~the bed of solids expands, and its density falls. Entrainment
becomes appreciable, then severe, then complete. At pcint Pall
the particles have been entrained in the fluid, the voidage
approaches unity and the bed as such has ceased to exist. This
fluidization with entrainment is called "centi,nuous fluidizat~on I' •

Richardson and Zaki (1954} found a relationship showing
the variation of fluidizing velocity (U} with voidage (e) as

U

u.-z;
ne (3.25)

Again Ui has been related tp the terminal velocity (Ut)
by Richardson and Meikle (1961) who have given the expression

log U. ~ log U-z; . t

d
-p-

D
c

(3.26)

Where d is the average particle diameter
p

D is the diameter of the container fo;!:"particles
c

n is an index that is dependent on the ratio d /Dp c

They have also given expressions for the evaluation of n
which are as follows--

n

n

4.65 + 20.d /DP c

(4.4 + 18 d /D )P c
-0 03R .

et

(Ret < 0.2}

(0.2.<R <1)et

(3.27a)

(3.27b)

O'



(1
n

n

(4.4 + 18 d /D )P c
4 4 R -0.1. et

R -0.1
et

R < 200)et
(200 <R <500)et

3l,

(3.27c)

(3.27d)

n ;::: 2.40 (Ret >500) (3.27e)

The Reynolds number (Ret) is equal to Ut dp P illl.

where Pf is the density of the fluid

~ is the"viscosity of the fluid.

The terminal velocity (Ut) is the upper limit to the fluid
velocity in a fluidized bed. The terminal velocity of a particle
can be expressed in terms of the Galileo number (Ga) but no single
expression-covers the wh01e range

is the density of the

Galileo number is given byp
f

Where ps
The expression are -

(p,"CP ).sf
'2
~

particle

3gd
P

3.5.3

Ga 18 Ret (Ga>3.6) (3.28a)

18 + 2.7 R 1.687
(3.6<Ge.<d-05)Ga Ret et (3.28b)

!R 2 5 (3.28c)Ga 3 et
(Ga> 10 )

MASS TRANSFER IN FLUIDIZED BED

Generally.the mass transfer rate increases with increasing
electrolyte velocity. So the mass transfer rate to the electrode
wall can be further increased by passing electrolyte over a bed of
inert glass beads in the cell. If the solution velocity increases
over the minimum fluidization ve~ocity,the inert glass beads are
fluidized imparting an additional kinetic energy to distrupt the
diffusional layer and enhance mass transfer.

\
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In particulate fluidizatiQn the transfer of mass between
the bed and the wall can be described-best on the-basis of a model
of the bed consisting of irregular channels. One side of the channel
is the wall itself whereas the other sides are the irregular
contours of the adjacent particles. This is d?picted in
Figure 3.4.

t t t t

L

FIG. 3.4 MODELFOR FLUIDIZED BED EIECTROLYTE

Assuming that the velocity in the channels are proportional
to the interstitial velocity in.the bed and the hydraulic diameter
of the channels are proportional to the mean hydraulic diameter of
the voids between the particles, and considering the wall as a part
of foreign particles, the relationship for the mass transfer
co-efficient becomes similar to that of fluid-particle transfer in
a packed bed. The mass transfer correlation is

K S 2/3 ..
__ w_c =c
v

v "H
(--_.)

y

-m
(3.29 )

Where K is the mass transfer co-efficient from particle to wall
w

v is the actual or true velocity

dH is the mean hydraulic diameter

o
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Y is the kinematic viscosity

c and m are constants.

Now, if n be the number of channels, then n+l is the number of
rows of particles. For a fluidized bed of unit depth, we can
write

n dH L (n+1)' d L
;

p
E: 1 - E:

1 dn + E: P
or dH

;

n 1 - E: dH

n + 1. ~ 1For a large number of channels n
E: d

Hence 1 dH
-p-

1 - E: dH

(3.30)

(3.31a)

(3_31)

The true velocity (v)'can be related to the superficial
velocity (0) as

v
U
E:

(3.32)

Combining equations (3.29), (3.31}, and (3.32), we have

kW E:
U

s
c
2/3 (3.33)

Walker and Wragg (1980) gave the values 0f the constants C and ~
as well as the other variables for rectfuJgular channel wall mass
transfer.

C

0.6

ill

0.39

d /de p

4:5

s
c

2675 0 ..5 - 0.8

o
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EQUIPMENT AND EXPERIMENTAL'PROCEDURE

I NTRODUCTI ON

A number of experiments were performed with a vertical~arallel
plate cell having copper electrodes using O.015M copper sulphate in
1.5M sulphuric acid as the electrolyte. The Copper-Copper sulphate
system was chosen because unlike similar systems it is stable and
remains uncatalysed by light, the cathodic reaction is mass transfer
controlled, has been'-used by previous workers and has direct bearing
on existing electrochemical processes. The cathode was sectioned to
allow current measurements to be made pt various sections along its
length and this enabled mass transfer rates at different positions
in the cell to be determined. The system was operated in two
modes, namely I

(a) Forced circulation of electrolyte through the cell with
sudden expansion at the entrance and sudden contraction
,at the exit.

(b) Forced circulation through the fluidized bed of inert
glass beads in the above cell.

MAIN EXPERIMENTAL SYSTEM

THE EIECTROLYTIC CELL

The cell used in this investigation is simple in construction
with five main sections, the inlet with an optional gas connection,
the anode side, the cathode side, the side plates and the exit
section. The inlet and exit sections are provided to connect the
cell to 1/2" PVC tubing. All the five parts are detachable with
the exception that the side plates and bottom section are permanently
attached to the anode side. The electrolyte entered at the bottom
and flowed upwards. There was no entrance length so that the mass
transfer boundary layer and hydrodynamic boundary layer started at
the leading edge of the electrode. Figures 4.1, 4.2, 4.3, 4.4 and
4.5 shows the five main units of the cell with detailed dimension~.
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Figure 4.6 is a sketch of the assembled cell with relevant dimensions
as seen from the cathode side. Figure 4.7 gives the full view of
the assembled cell with the electrical connections to the sectioned
cathodes.

The cell was constructed out of perspex, the main body of the
cell consisting of the anode side, cathode side and side plates
measuring 3S.3cmxlO.4cmx4.4cm, with anode and cathode plates each
having dimensions of 3S.3cmxlO.4cmxl,2cm, kept at a distance of 2cm
from one another by two side plates (3S.3cmx2.4cmx2cm) ,these
provid~ng a total effective cross-sectional flow area of 5crnx2cm

2(=lOcm. ). The anode was a piece of l/S" thick copper plate (3Ocmx6cm)
glued with Arladite into.a groove of the same size and depth of
liS"~ made into the perspex wall. The side perspex plates were fitted
along the long edges of the exposed anode and overlapped O.Scm from
both sides of the anode and as such the total exposed anode area was

23QcmxScm (=lSOcm). The electrical connections were made with two
1/16" diameter copper wires soldered to the back of the anode through
two 3/S" holes drilled at two positions,

The cathode was 3acm long and 6cm wide and made up of l/S"
thick copper plate, but the widt~of the electrode exposed in the
cell was Scm due to overlapping of the side 'plates in keeping conformity
with the anodet The cathode was divided into fifteen sections from
the leading edge of the electrode, the lengths of the sections being -
l~O, 1.0, l~O, 1.0, l~O; 4.0, 4.0, 4.0, 4~O, 4.0, 1.0, 1.0, 1.0, 1.0,
and 1.0 ems and this is evident from figure 4~3. The cathode sections
were_arrangedin this manner as it was anticipated that the current
density and hence the mass transfer rates would vary greatly at the
~nlet and exit regions of the cathode, depending on flow conditions
and the shape of the entrance and exit regions. Smaller sections in
these portions enabled more accurate measurements of the variations
~n current distribution. Each cathode section was fixed with Araldite
to a groove of corresponding size cut into'the perspex sheet and
separated from the adjacent electrode by thin strip of perspexmaterial
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of O.2cm thickness. This facilitated the measurement of the cu~rent in
each section without interference ~r0m the neighbouring sections~ ~he

electrical connections to each cathodic section were made with fifteen
1/16" diameter copper "wires soldered to the back of each cathode
segment through fifteen 1/8" holes drilled from the back.

The anode and side plates were fixed together with the help of
ethylene dichloride solvent. A space of O.3cm was left clear along
the long edge of the anode from both sides. The joined anode and
s~de plates were then fused with the bottom part of the cell. The
anode and cathode plates were next bolted together with sixteen
3/16" brass screws. Two rubber gaskets measuring 38.3crnx2.4cm made
from a bicycle tyre tube and attached with Araldite to the exposed
faces of the sideplates were used to preve~tleakage from the sides
of the cell, but this did not work very efficiently and seepage of
electrolyte from the sides was a constant problem especially at higher
electrolyte flow rates and with fluidized electrolyte system. Similar
leakage problems also occurred at the faces where the exit section
met the cell body and the cathode plate bottom met the inlet section.
Two sheets of rubber curved out from a car tyre tube were utilized
as gaskets to minimize this leakage as far as possible. Finally a
thin .layer of Araldite was applied along the leakage spots to act
as a sealant. The main cell body, the inlet 'and outlet were tightened
together with 1/4" diameter brass tie rods through six 1/4" holes
bored in the entry and exit section flanges.

The inlet and outlet portions of the cell were of identical
shape and dimensions with the exception that the inlet pipe was
prov~ded with an extra 1.Oem hole for gas connection. The extra
passage was plugged with the help of ~ubber cork and then sealed
with Araldite. The diameter of the passage through the inlet and exit
piping was O.8cm and the flow area (rectangular cross section)

2suddenly increased to lOcm at the connection point with the main
cell body. The diameter of the inlet and outlet holes flared to
1.Scm at the connection point to the 1/2 ,.PVC tubing for easy

,I
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pressure fit. The flanges of the inlet and outlet sections were
extended (lB,4crnxlO.4cmxl.2cm) to provide adequate space for the
tie rods.

While using the cell under fluidized bed electrolyte flow the
only change incorporated into the structure of the reactor was
the affixation of a small 5cmx2cm piece of galvanized iron wire
mesh at the very bottom of the cell. The wire mesh helped to support
the'inert glass beads put inside the cell .

•
THE FLOW SYSTEM

The whole flow system consi,sted of a pump, a heat exchanger
CcoolerL three rotameters, the electrochemical cell, a storage tank
and seven two, way glass valves. Except the pump, all the other major
units were mounted on a "Dexion" framework as shown in Figure 4.8
which also shows the electrical connections to the cell, the switch
board and the electrical instruments together with the deoxygenating
system. Figure 4.9 gives a detailed schematic diagram of the entire
flow circuit.

A Electronidioren Werke ~ Kaiser pump (with a rating of 220V,
2.15A, O.25KW and 50HZ) with corrosion resistant plastic impeller and
fittings was used to circulat~ the aqidified copper sulphate solution
from a 25 Kg capacity plastic tank through the whole system. The
fittings used, was 1/2" PVC tubing and the flow rates were measured
with the help of three rotameters of different sizes, the rotameter
used depending on the electrolyte flow rate. The calibration curve
for each rotameter size for O.015M copper sulphate in 1.5M sulphuric
ac~d at the temperature of 0perat~onare presented in Appendix B.
The flow through the cell could be accurately adjusted by using the
flow bypass and three two-way Pyrex 172" glass valves upstream from
the Rotameters. The branching of the PVC flow line was accomplished
with the help of glass tee's. The flow direc,tion in the cell was
always vertically upwards.
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Since the temperature difference across the cell was small,
only one thermometer was used to record the temperature of the
electrolyte prior to its entrance. to the reactor. The main heating
effect in the flow circuit was due to head losses in the circuit
producing heat and the temperature of the electrolyte was kept more
or less constant.at 300c by passing cold tap water in a gllass heat
exchanger mounted in the flow circuit. The thermometer was immersed
in the system by means ofa glass tee.

Two two-way control valves connected through a tee was used
at the bottom of the cell to enable the following electrolyte flow
.arrangments to be made when necessary. These were (a) to keep the
electrolyte stationary in the cell when performing stationary
selection experiments; (b) to make the electrolyte flow through the
ce'~l during experimental measurements under flow conditions; and

(c) to drain the electrolyte form the reactor and the whole system
to the storage tank after completion of an experiment.

A nitrogen gas cylinder was connected by means of a PVC
tubing to the storage container. _ It.was used to deoxygenate the
solution before an experiment.

THE ELECTRICAL CIRCUIT

An electrical circuit was designed for the electrochemical
reactor which would allow the measurement of current on each section
of the cathode separately without interfering with the main
electrolytic process or changing the total current passing through
the electrode~ The electrical circuitry is clearly enumerated in
Figure 4.10, and a general view of the cell and the electrical
equipment used are shown in FigUres 4.7 and 4.8.

An INCa d.c. power supply type IZS-5/7b(Polish origin) connected
to the domestic 220V line for its energy source, was 'used which gave
a maximum of 500v and 3.15A. The t0tal cell voltage was measured
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by a voltmeter placed across the cell. The total current passing
through the cell was noted with the help of three different Model
301 d.c. Ammeters (Al) of Weston Electrical Insturments Company
having ranges (o-l)A, (0-3) A and (O-lS)A respectively and they
were of reasonable accuracy. The individual sectioned currents were
measured with a quadruple range type PRL T10l Ammeter (A2),
(maximum measurable current being 1.SA) whfcn'gave readings by
throwing a beam of light on its scale. For this purpose a bulb had
to be lighted using a step. down transformer which gave an output of
6v.

Toggle switches of current rating lOA were utilized to switch
away from the main circuit to any section of the cathode, the current
being diverted through the ammeter A2 to give a reading for current
on that section and cathode current in all the sections could be
measured in turn.

EXPERlMENrAL PROCEDURE

The concentration of copper sulphate solutions used in the,
experiments were approximately O.OlSM in 1.SM sulphuric acid.
Twenty-five litres of electrolyte solutions were made with analytical
grade copper sulphate pentahydrate crystals (CUS04, SII20) by
dissolving in distilled water. The solution concentrations were
determlried volumetrically. The method used for the computation of
the concentration of copper sulphate is outlined in Jabbar et al (1972) and
Vogel (l96lt involving the precipitation of copper as cuprous iodide
with excess potassium iodide and titration of iodine formed with
standard sodium thiosulphate solution. Analysis of the copper
sulphate content was done after a series of runs. Dilute solutions
of copper sulphate were used to ensure small limiting currents with
correspondingly low rates of dissolution of the anode and deposition
on the cath0de and minimumnatural convection.

Since the activation overpC!ltentia.l 6f ,an electrode is greatly

dependent on electrode surface, both the electrodes were thoroughly
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cleaned before assembling the cell prior to each run. Each run
consisted of three sets of reading. This cleaning was done by

rubbing the electrode surface with .successively finer grades of
'sandi paper and eventually finishing with ultra fine number 'd.
grade lemery' paper. The electrodes were then rinsed with distilled
water, degreased with an organic solvent acetone and the procedure
was repeated several times till the electrode surface was properly
cleaned. The smoothened electrode surface was finally washed with
distilled water and left to dry in air.

The electrical connections to each cathode sections arid the
anode were cleaned. This was then tested with a multimeter and the
conductance between neighbouring sections was also verified to make
sure that there were no electrical connections between the.sections
of the cathode. Since perspex, ,the insulator between two sections
of the cathode, did not at all react with the acidic solution, the
c0nnection between sections can occur only due to copper deposition.
Wnen such a case arose the deposit between the appropraite sections
were rubbed off with 'sand' paper. If the electrical circuits were
found to be .satisfacto!'y the cell was assembled , connected to the
flow system as shown" in Figures 4.8 and "4.9, sealed with Araldite
and left for overnight setting of the resin.

At the outlet of each run, nitrogen from a gas cylinder was
bubbled through the solution in the storage tank for about 1-2 hours
~n

of

order t9 deoxygenate the s01ution as a residual current dens~ty
. 2approxlmately 0.25 rnA/cm has been found by Wragg (1964) due to the

.!'eduction of oxygen at the cathode. The cell should be operated at low
2current desities (about 0.2 MA/cm ) at the flow rate for the run for

about 15_20 minutes to get an even depmsit of copper at the cathode.

On startup of the pump, the electrolyte was recirculated
th!'ough the system with flow rate adjusted by means of the valves and
mete!'ed by the rotamete"s as depicted in Figure 4.9. To expel air from
the flow circuit the reactor was filled up slowly and then electrolyte
was put through the reactor at maximum rate to remove air bubbles
from the system.
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To investigate the limiting current at a given flow rate
the applied voltage was set to a difinite value with the help of
the power source and two to three minutes was allowed for the
system to reach steady state before the current readings were taken.
The individual sectioned current on the cathodes and the total cell
currents were measured"with the',two ammeters. The applied voltage
was then increased in steps with intervals of lOOmV and the potential
was increased until the individual currents on the sections had
exceeded their limiting values. This is signified by the start of the
secondary reaction, hydrogen gas evolution at the cathode and a sharp
rise in current. After completion of each set of readings the cell
was emptied and the power source turned of,f and at the end of each
run the cell was dismantled.

For fluidized bed electrolyte experiments the cell was modified
slightly as previously mentioned and filled with.inert glass particles
of average diamter (d ) 5.9765mm (simple average of 30 random samples)

p -
upto 62% of the total cathode height measured from the bottom. The
same procedure ,was "then adopted during experimental measurements with
fluidized bed electrolyte. In this case the point of incipient
fluidization and point of fluidization with entrainment were visually
monitored.

The concentration of the solution was checked after both the
non-fluidizea and fluidized bed electrolyte runs and negligible
difference was found with the original value. In any case the solution
was replaced after having completed the non-fluidized bed runs and
before starting the fluidized experiments.

The problem with the cell was the continued cleaning of
the electrodes required, since repeated runs without cleaning did
not reproduce the original results which is due to oxide formation
on the anode surface. At the end of the run the anode was always
coated with a thin layer of black powder i.e. copper oxide which
is probably formed by the reaction.

o
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(4.1)

Moreover, difficulty was encountered due to the deposition
of copper on the unexposed sides of the cathode as a result bf
leakage of electrolyte into the grooved compartment. Again, at
higher current densities there was deposition of copper sulphate on
the anode surface.



5.1 INTRODUCTION

Chapter 5

RESULTS AND DISCUSSION

51

In the electrolysis of copper sulphate - sulphuric acid solution,
the rate of copper deposition at the cathode is controlled by the
rate of mass transfer across a hypothetical diffusional layer near it,

so that the cathode was sectioned to allow the measurement of the
variation of the current and hence the mass transfer rate along its
length. In the present research work, dilute solutions of copper
sulphate (0.01511)have been used as the electrolyte to keep the
limiting current low and an e~cess of indifferent electrolyte
(1.5MH2S04) supplied to drastically reduce the transport number of
copper ions.

Experimental work was carried out so that the influence of the following
modes of forced convection on the mass transfer rate in the electro-
chemical reactor could be observed:

(a) Forced circulation of electrolyte through the cell with sudden
expansion at the entrance and sudden contraction at the exit.

(b) Forced circulation through a fluidized bed made up of inert
glass particles put in the previous cell.

For all the above convective mass transfer studies total and
sectional currents along the length of the cathode were measured at
different applied voltages, especially at the limiting current
conditions.

The flow rate of electrolyte in the system varied between 1.1
litre/min to 12.6 litres/min when the cell was used in a nonfluidized
condition, the latter being the maximum flow rate attainable by
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the pump. For the case of fluidized bed cell the maximum flow rate
was limited to 6.3 litres/min due to entrainment constraints. The
electrolyte
(30!:2)oc.

was kept more or less at a constant *~~peratureof
. ",

5,2 PRESENTATION ANDANALYSIS'OFRESULTS-----------------------------

The individual currents on the sections of the cathode as well
as the total current was measured at different flow rates by progressive
step increase's in the applied voltage until all the sectioned elements

attained and exceeded their limiting current values. The limiting
current values for each flow rate was noted from the current plateau
or the point of inflection on the current voltage curves given in
section 5.2. Operation at limiting current implies that maximum mass
transfer is occurring in the ,'cell under the imposed variables and as

such all the results presented in this study has taken into consideration
the limiting current condition. The reproducibility of the data collected
was checked by repeating a number of runs and they showed reasonably
good agreement with the previously found results .

.\

The current density at different portions of the electrode have
been computed for the throughputs used in the experiment and the
results presented in Table C.ll of Appendix C for the case of forced
circulation of electrolyte only and in Table D.6 of Appendix D for the
case of fluidized bed electr~lyte. The results have been quoted in
this Chapter whenever required.

As the current measurements done at an electrode section is not
a point value but covers the entire area of an electrode section element,.
it is most appropriate to depict the variation of the current densities
along the length of the electrode in the form of a histogram. Quite
a number of sample histograms are given in this Chapter.
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From the total current voltage curves presented in section 5.~,

the overall limiting current can be derived and utilized to 'obtain an
overall average mass transfer co~efficient (kav). This is then used
to get an overall mass transfer correlation at different flow rates.
The required results have, been placed in Table C.14 of Appendix C and
Table D.? of Appendix D for ready reference.

The local average mass transfer co-efficient (klav) over an electrode
section have been calculated from the individual limiting currents on
that section. Since the current density distribution reflects the
variation."of the local average mass transfer co-efficient, only one

curve showing its fluctuation in the turbulent range have been shown
in Figure 5.11. The variation of the average mass transfer co-efficient
have been shown in the form of cumulative average mass transfer
co-efficient (kcav) along the entire length of the electrode by
progressively averaging the individual local average mass transfer
co-efficients (klav) over the total distance of the electrode. This
procedure' has been adopted only when it is meaningful to do so, i.e.,
when there are no sudden increases in mass transfer rates on downstream
electrode segments. As a result, such data have not been presented
for turbulent and fluidiz~d electrolyte flow where wide enhancements
and reductions of the mass transfer co-efficient occur. The cumulative
average mass transfer co-efficient (kcav) has been plotted against L/de
to obtain correlations under the laminar regime.

The above mentioned calculations enabled a study of the distribution
of current density and the determination of mass transfer co-efficient
at different positions of the cathode. With the help of these data the
variation of the mass transfer co-efficient with distance from the
leading edge of the electrode could be established and an overall
mass transfer correlation obtained for different flow regimes and
conditions of flow. Comparison with other ma~~transfer correlations
that have been developed either empirically or $~miempirically
by other workers have also been attempted.

o
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5.3 THE CURRENT - VOLTAGE CURVE

Investigations were carried out to determine the influence of
electrolyte flow rate on the current-voltage curves and measurement of
electrolysis currents against applied voltage were conducted. As
previously indicated, the total current for the reactor as well as
the individual currents on the sections of the cathode W'3re measured.

The individual sectioned currents were then summed up to check that
the total current obtained by summation of individual sectional currents
was equal to the total experimentally measure?_ ,~~rrent. These values

were found to agree wi thin approximately 15% ,wtl.~'n the reactor was

operating at, below and above the limiting current conditions, although
in most cases the agreement was better than this. It was noticed that
the total measured current always came out to be less than the total
current accounted for. This discrepancy could Be explained by the
fact that two different types of ammeters were used to monitor the
total and sectional currents respectively and the readings from the
two might not have tallied exactly. Moreover, while measuring the'
sectional currents especially at high flow rates, the readings were
seen to fluctuate erratically and mean reading had to be taken by eye

\

estimation thereby contributing to the error.

Figures 5.1 and 5.3 show the plot of total measured current versus
applied cel.l voltage for a nonfluidized and fluidized electrolyte
respectively. From the current-voltage curves in Figures 5.1 and
5.3 it can be seen that the activation polarization for both anodjc
and cathodic processes is predominant when the applied VOltage is
low and tpe value of this is approximately:

60 mV for laminar flow conditions

20 mV for. turbulent flow regions

30 mV for fluidized electrolyte operation
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There is a sharp increase in current with increase in potential
t~ll the process approaches the limiting current conditions. At
limiting current region the rate of increase is slowed down significantly
and even decreases to zero in some cases. After this region has
been crossed the current increases rapidly again. It is evident from
Figure 5.1 that there is a distinct limiting current plateau on each
curve for each flow rate of electrolyte and these plateaus are well

,defined and the widest (about 400 mv) in the stationary electrolyte,
less well defined 'and less wider (about 200 mv) in the laminar flow
regime, while in the turbulent flow region at higher flow rates the
width of the plateau has considerably narrowed down (about 40 mv) ,
the narrowness giving rise to an inflection point only. It is also
seen that the overall 'limiting current plateau starts at 200 mv for
stationary electrolyte, 300 mv for lower f10w rates from 1.1 litres/min,
to 3.2 litres/min and 400 mv for flow rates of 4.1 litre/min and 6.1
litres/min. However, the starting point of the limiting current
plateau has again shifted to a lower value of 200 mv at higher electrolyte
throughputs of 8.0 littes/min, 9.5 litres/min, 11.6 litres/min and
12.61itres/min. From'Figure 5.3 it is also clear that there is a
slight decrease in the rate o~ increase of current~~+,th voltage in the

, ' '

vicinity of applied potential of 100 mv, although the limiting current
plateau resembles more and more" an inflection point rather than a
flat stretch of plateau. The shrinkage and the shift in starting point
of plateau that occur at'higher flow' rates and in the fluidized bed
may be due to the reason that with increased agita~ionat these
conditions higher local current densities result which form a very
crystalline or porous electrodeposit that favour hydrogen formation.
Once hydrogen formation commences at the cathode it increases in
intensity ,and it is probable that the rough deposits are able to catalyze
the formation of gas at lower potential giving rise to early
current plateaus.

Figure 5.2 shows the plot of individual currents on the sectioned
cathodes against the applied voltage. The limiting currents on the
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segments start and end at more or less the same potential. It can
a~so be observed that the variation of the currents in some sections
e.g., sections 11 to 14, section 2 to 3 are similar.

The plot of the current-voltage curves could be improved and
the occurrrence of the limiting current plateau of adequate width
made much clearer by reducing the step increase in voltage from
100 mv to a lower value.

5,4 OVERALL MASS TRANSFER RELATIONSHIP

From Figure 5.1, the overall limiting current can be evaluated
with reasonable accuracy and from this value the overall average
mass transfer co-efficient (kav) as well as the Sherwood number (Sh)
have been computed for the case of forced flow of electrolyte through
the empty cell. All results have been supplied in Appendix C and
a logarithmic plot of Sherwood numbers against Reynolds numbers
has been done in Figure 5,4. This graph gives the overall mass
trasnfer correlations.

Two regions of different slopes can be clearly observed in
.Fig~re 5.4 and change in slope from the region on the left hand
side called region 1 to that on the right hand side called region
2 indicates the change from laminar to turbulent flow. The Reynolds
number where the change in slope takes place cannot be exactly
identified there being an evident transitory region corresponding
to Reynolds number between 2000 and 3500,. The value of the slope in
region 1 came out to be 0.35 which indicates that the mass transfer
in the apparent laminar region is proportional to Re 0.35. This
exponent on Reynolds number is in good agreement with correlations
developed theoretically, semiempirically and empirically by other
authors for fully developed laminar flow mass transfer. An
approximate solution for such case developed by Leveque (1928) shows

:' ..
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that Sh ~ Re 0.33. Pickett and Stanmore (1972) and Rousar et al
(1971) have similarly shown that for fully developed velocity profile

"

in rectangular ducts of finite width Sherwood number varied with
Reynolds number with the proportionality relationship Sh ~Re 0.33.
Experimental studies by Tobias and Hickman (1965) and Pickett and
Stanmore (1972) have alos shown the exponent on Re for this kind
of relationship to be equal to 0.33.

The slope in the second region also called the turbulent region
varying from Reynolds number 3500 to 6000 has a value of 0.87 and
this comapres favourably with the slope obtained by previous
researchers. Chilton and Colburn 0 s (1934) much used empirical
correlation has an exponent of 0.8 on the Reynolds number. Hubbard
and Lightfoot (1966) and most recently Ali (1982) have concluded
from their experimental studies of mass transfer in turbulent
conditions that Sherwood number varies with Reynolds number raised
to, the power of 0.8 and 0.92 respectively. Berger and Hau (1971) in
their treatise on simultaneously developing veloel ty,and mass
transfer profile systems have correlated their experi~~otal data
by

Sh 0,0165 0.813 0.35
Re Sc' (3.22)

AS can be seen from the above equation the exponent on Reynolds
number i" quite similar to .that obtained in the present discourse.
Thus, the nature of the curve in Figure 5.4 more or less conforms
to the predicted behaviour.

The values of Sherwood number plotted against Reynolds number
in Figure 5,4 are seen to follow a very peculiar pattern. In the
higher apparent laminar range referred to previously some of the
Sherwood number or in other words' the mass transfer co-effic~ent
have higher values than those obtained for the turbulent region.
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.This is particularly true after the Reynolds number has exceeded
800. In the so called trans'i tioD range the value of the mass

t~ansfer co-efficient dips a little and after the Reynolds number
has reached 3500 its value again rises at a rate faster than the
laminar region. Similar behaviour has been observed by picket and
Wilson (1982) who have reported that the mass transfer co-efficient
registered a rise and subsequent fall in a range of Reynolds number
500 to 1600 before showing a higher rate of increase in the next
higher Reynolds number portion. They worked with a system having
a simple in-line flow connection of a circular pipe to a parallel

.plate electrochemical reactor, the entering solution being subjected
to both a sudden enlargement and a change in shape of the flow cross-
section, just like the present study. This apparent anomaly can be
explained by the following reasoning - at all flow rates employed
in the experimental runs, turbulent flow would occur in the entrance
pipe and for the highest flow rates the flow in the cell will be
turbulent both before and after the point of flow reattachment as
Sh0Wn in Figure 3.2. But, at the lower flow.rates there is, in
addition to boundary layer separation and flow reattachment, a
transition from turbulent to laminar flow in the cell. This transition

'. . \could occur either upstream or downstream of the ~~attachmentpoint.
The ratio 0"£expansion at the i,nIet of the cell .is ~~~ut 20 times

.which causes high turbulence at the entrance region as well as at
the reattachment point and the development of the laminar velocity
profile from the turbulent velocity profile is very gradual. As
such the high values of mass transfer co-efficient in the range of
Re (800 - 3500) may therefore, represent a:highly complicated process
of transition and quasi laminar flow although it nominally falls under
.laminar.head. Since the cathodic reaction is mass transfer controlled
the mass transfer rate and hence the current in each sectionwLll
reflect the.prevalent hydrodynamic conditions.

So far mass transfer over the entire electrode has been
discussed, but a proper understanding of mass transfer mechanism in
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a system needs a knowledge of current variation or" mass'. transfer

co-efficient variation along the l~ngth of the electrode. This
will be analysed in the following sections under different flow
.regions •

..
CURREN"!: 'B I-.S~RfBUT JON "UUR I NG .NA'TtJRA~\'CGNVECT rON--~----~-~._--~~----'-",,!,----------

One experimental run was conducted with stationary electrode
to study the variation of current passing through different sections
and mass transfer rate along the length of the electrode at limiting
current under natural convection conditions. The experimental and
calculated results have been presented in Appendix C.

of the electrode and that the value progressively decreases over
2the length of the electrode to the lowest value (3 amp/m ) at the

exit sections of the cathode. Thus the above finding confirms the
prediciton that although there should be infinite current density
at the starting edge of the electrode on the assumption of exclusive,
mass transfer resistance, but kinetic limitations restricts the
edge current density to a finit~'but large number. Moreover, as the
distance along the electrode length increases added mass transfer
boundary layer resistance earne into play resulting in a decrease
of current density and hence. the mass transfer rate. The variation
of the local average mass transfer co~efficient (klav) along the
electrode length will show the same kind of behaviour as that of
the currerit density. changes.

~

~
.. ""'4
.. \ll

II

The histograms in Figure 5.5 show that the
/
2.current density (28 amp m ) has been obtained at

highest amount of
the leading edge

The logarithmic plot of cumulative average mass transfer
co~efficient (kcav) versus L/de as ~O.67. This finding is supported
by studies of other researchers that mass transfer co-efficient
decreases as the distance from the starting point of the electrode
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FIG. 5.5 THE CURRENT DENSITY IN DIFFERENT SECTIONS FOR
STATICNARY EIEerROLYTE
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increases,. though the value of the exponent is on the higher side.
It is only comparable to the correlation obtained by Pickett and
Wilson (1982) who worked with a system of similar configuration
and found that

kav (5.1)

No overall natural convection region mass transfer relationship
could be obtained for want of requisite data.

5','6 LAMINAR~FlOW,

In order to correlate mass transfer data under laminar flow
conditions, the experimental results will be analysed from different
approaches for interpreting the results and making comparison with
other related information. The variation of the current density
in the cathode sections as well as the change in cumulative average
mass transfer co~efficient along the electrode will be examined.

5,6,1
,

CURRENT DISTRIBUTION IN.LAMINAR FLOW

Th~ knowledge of v~riationof current pa~~f~~through the.
sections of the electrode is of paramount importance for the design
of a reactor since it,determines the upper and lower limits of
op~ration. Figures 5.6 and 5.7 illustrates two typical examples
of the variation of current density through each electrode section
for flow rates in the laminar range. The current density is
highest at the first section downstream from the entrance of the
reactor and it decreases as the distance from the reactor entrance
increases. The current density increases again at the exit sections
of the cathode. Sincethe cathodic reaction is controlled by the rate
of mass transfer across a diffusional barrier near the electrode
surface, the velocity gradients close to the electrode surface will
determine the sectional currents. As a result of sudden enlargement
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FIG, 5,7 THE CURRENT DENSITY AT DIFFERNT SECTIONS
OF THE CATHODE AT THE FLOW RATE OF
4,1 LITRES/MIN,
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of flow channel at the entrance turbulence is created which enhances
the current flow rate near this region. The rise in current density

'near the outlet is due to the effect of altered velocity gradient
resulting from a sudden decrease in :flow cross-sectional area and is
generally knwon as the"exi t effect". The decrease in the middle

5.6.2

sections is due to the addition of an extra resistance to current
flow namely the mass transfer boundary layer.

MASS TRANSFER UlmER LAMINAR FLOW

The histograms given in Figures 5.6 and 5.7 also shows the
variation of the local average mass transfer co-effictent against
the electrode length as the current density is directly proportional
to the mass. transfer co~efficient. The mass transfer co-efficients
near the entrance region are very high in comparison with the
values further downstream and it rises again at the exit. Near
both the exit and entrance the thickness of the mass transfer
boundary layer is reduced owing to turbulence created by secondary
flow.

A logarithmic plot
'co~efficient versus L/de

"of cumulative average mass transfer
at qifferent flow rates are given in

Figure 5.8. This graph shows that the cumulative average mass
transfer co-efficient is related to L/de by an equation of the
form

kcav
-0 67L •

" (--)de (5.2)

It will be useful to compare this experimentally measured
value of exponent on L/de with those predicted both theoretically
and empirically. In their theoretical development on fully
developed laminar flow in a rectangular duct of finite dimensions
Pickett and Stanmore (1972) proposes that

k "av
d +0.33

(_e_) .
L

(5.3)
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On the other hand, Bird et al (1969) deduced for simultaneously
developing flow and mass transfer a correlation given by

1/2(Re-Sc delL) (3.18 )

Pickett and Wilson (1982) showed a proportionality between k
." av

and L/de, where the power on Llde varied between ~0.5 to -0.6, for
transition range motion~

So, the exponent obtained in the present case does not tally
well with the fully developed or developing flow models. It can
only be compared to the prediction of Pickett and Wilson. This
indicates that the flow in the reactor for the flow rates considered
fall under the transition regime even though Reynolds number shows
_the cell to be operating notionally in the laminar regime.

5.7 CURRENT DI STR I BUT! ON AND MASS TRANSFER RATE IN TURBLENT'-r=LQW_ •._---------------- -,---- ..__ ..•.,_.----_._-----

As in laminar flow, the influence of hydrodynamic conditions
on mass transfer rate will }je .discussed with a detailed treatment

of the observed and calculated data.

Figures 5.9 and 5.10 show two typical examples of fluctuations
in current density along the length of the electrode. In Figure
5.11, the local average mass transfer co-efficients on each segment
have been plotted in the form of histogram against Llde with
staircase representation of k1 . All these figures show thatav
the peak value of current density and hence the mass transfer rate
occur at cathode sections 2 or 3 from the leading edge of the
electrode, i.e., immediately downstream from the inlet there is a
distinct rise in mass transfer co-efficient. A;~~~.~"..the initial

increase the mass transfer rate shows a downward trend as the distance
from the entrance is increased and ultimately near the outlet it
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FIG, 5,10 THE CURRENT DENSITY IN DIFFERENT SECTIONS

AT A FL0W RATE OF 12.6 LITRES/MIN
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"~~ses again. So in the turbulent flow conditions three different
~egions of mass transfer emerge namely the inlet, the midsection and
the exit. Since the local average mass transfer co-efficient of the
cathode sections have been calculated from the current densities of
the respective sections they will obviously show similar behaviour.'
The rise in mass transfer co_efficient at the inlet sections is due
,te the entrance effects, the, change in shape and size of flow area
and the complexity of hydrodynamic conditions such as, secondary
flew and backmixing, eddying effect, separation and reattachment
of the flow after sudden expansion. This agrees with the study of
Krall and sparrow (1966), Runchal' (1971) and Wragg, Tagg and
Patrick (1979) who had obtained a region of maximunl mass transfer
rate or heat transfer rate at a distance of 2 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
hasbe~n taken as the point of reattachment. The current in the
middle section of the reactor is decreased because of the developing
hydrodynamic-and mass transfer bourldary layer which acts as a barrier
to transverse mass transfer, The cause of increase in mass transfer
co~efficient at the exit is ,he turbulence generated by a sudden

I ."
;, ..

decrease in flow channel area. 1\s the value of 'local average mass
transfer co-efficient shows a 'sudden rise in the downstream section
the use of cumulative average mass t~ansfer co_\fficient becomes
meaningless and as such this is not computed for turbulent flow
conditions. Compared to the laminar and transition regions, the
mass transfer rate has increased in the turbulent regime.

• ." ,', I (II 'I I .

C('}lnn~LArrOH'FOR' MAsS'TRANSFER 'UNDER LAMINAR 'AND TURBULENT

lnferring the expcnent'on Schmidt numbel? esct 2\S 1/3 two
correlations have been obtained showing the variation of the overall

t
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mass transfer co-efficient'at different flow rates as a function
of Reynolds number and electrode length. These are _

for laminar region

Sh = 7,751\e,O,35 1/35c '( d, e)._-
L

0.67
(5.4)

an~ for turbulent flow

Sh = 0,016 Re 0.87 Sc 1/3 (5.5)

From, the previous studies of mass transfer 'for laminar flow,
empirical, and semi theoretical correlations have been suggested
which have, the general form

I)h = d Re
a bSC ,~e 'c

(""'t-)
(5.6)

where the 'V'Ilueof con~tant, a iSIll<l>)1e'"illIe"," 0.33; the value
of b is equal to 0.33 and cvaries between 0.22 to 0.6, while d
ranges from 1.2 to 2.54.

\
,

Similarly, relationships. for the turbulent range can be
generally represented by the equation

,. bl

Sh = d' Re a Sc (5.7)

where'd' ranges from 0.016 to 0.089, a' varies between
0,8 to 0.92 and b' fluctuates between 0.2 to 0.4.

The magnitude of the constant d for the laminar range equation
has come out to be much greater than those obtained by previous
authors. Ali (1982) and Pickett arid Stanmore (1972) have obtained
values of 1.21 and 2,54 respectively. Such a high valu~ maybe
attributed to the greater turbulence occurillingin the,~eactor, For
the turbulent flow regime the value of the constantd' has coincided
with those obtained by the other authors.

. ":
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5.9 CURRENT DISTRIBUTION AND MASS TRANSFER RATE IN
,FLUIDIZED BED

Figures 5.12 and 5.13 are the sectional current density
histograms for flow rates 1.1 litres/min and 6.3 litres/min throught
the fluidized bed. The local average mass transfer co-efficient
will have the same pattern of behaviour.. From the two curves an
apparently erratic fluctuation of mass transfer rate along the
electrode is observed. In Figure 5.12 it is seen that the mass
transfer co-efficient has a high value initially at the entrance
region of the reactor, it drops down but rises at section 7 of
the cathode, again peaks at cathode seciton 10 and finally registers

. .:.
an increase near the exit section. Figure 5.13 shows that the
mass transfer co-efficient does not have a high value very near
to the leading edge of the electrode, but reaches its highest
magnitude on plate 4, then again peaks at segment 7 and subsequently
undergoes a gradual decline with minor undulations. This sort of
non-uniform behaviour can be explained by considering the fluidized
bed conditions within the reactor. At flow rates of 1.1 and 2.0
litres/min, although the bE!d had expanded a little with one or two
glass beads exhibiting localized vibration, it had not reached
the incipient fluidization point, and the height of the glass
bead packing remained upto the middle portion of cathode segment
9. So the. fluid flow path had expanded .from the narrow interstitial
SPAces within the bed to the full cross~section of the cell in
the vicinity of cathode sections 9 and l~. The turbulence,
created by this sudden drop in vel~city and increase in pressure
",f the fluid could "cc,"unt for the high mass t"ansfer rate in
section 10 of the cathode a5 evidenced by Figul1e.5,12 and data
from Table 1'.6 in Appendix D.. Entrance "egi",n ei:j'ectsand localized
agitati0n by the glass beads could be the rea~,"n behind the high
mass transfe~ rates in cathode s~ctions,l and 7. When a fl~w
rate of 3,2 litres/min is reached the incipient fluidization point
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has been exceeded, but the bed does not expand much with its
top surface still at a level reaching the middle portion of
cathode segment 9. Visual observation also revealed that ,the
particles at the lower region vibrate a lot while those at the
top are slightly agitated.. This bed condition can explain why
higher values of current density have been found in the initial
sections of the cathode than in the later sections and why a peak
value is reached in cathode section 10. At an electrolyte flow
rate of 4.1 litres/min boiling bed fluidizaiton is observed,
Vortex formation occurs, particles at both the top and bottom
vibrate a lot, and the top of the bed moves to the middle of
cathode section ,10. Thus for this case the changes in ma~s transfer
co"efficient within the cell has evened out, while the peak'due
to sudden expansion at the end of the fluid zed bE'd., has come up to
cathode section 12. At a flow rate of 6.3 litre$jmin the whole bed
of particles swirls about in the cell giving rise to intensive
agitation especially at the bottom and the height of the bed
fluctuates between cathode sections 12 and 14. Thus in Figure
5.13 high local mass transfer co-efficients are seen to occur in
cathode sections 2,3,4,5 and 7 which are near the lower part of
the reactor ..

On increasing the fluid flow rate further,fluidization with
entrainment of the glass beads occurred and the apparatus could
not be operated without causing a substantial loss of packing
material. The use of fluidized bed electrolyte has enhanced
the mass t~ansfer rate as is evidenced by a comparative study of
overall average mass transfer co"efficient for non •.fluidized and
fluidized conditions at the same Reynolds number.

EMPIRICAL CORRELATION FOR FLUIDIZED BED

l'lec"''lse'of the wide fluctuations ,'inthe local average mass
transfer co•.efficients, a r~lationship between it and the electrode
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FIG. 5,12 THE CURRENT DENSITY IN DIFFERENT SECTIONS AT A

FLOW'RATE OF 1.1 LI~S!MIN ~N A FLUIDIZED BED
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FIG. S .13 THE CURRENT DENSITY IN DIFFERENT "ECTIONS AT A
FLOW RATE OF 6.3 LITRES/HIN IN FLUIDIZED ~ED
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length is not possible. Instead the overall average mass
transfer co-efficient computed from the overall limiting current
density has been plotted against a modified Reynolds number on
logarithmic coordinates to obtain an overall mass transfer
correlation of the form

k' 2/3w E
--- Sc
U (5.8)

The value of the exponent compares favourably with that
obtained by Walker and Wragg (1982) which ~s'.O•.39. although
their mode of representation of data is comple~ely different
from the present study.

The co~efficient on the right hand side of equation (5.8)
has a much lower value in comparison with that of Walker and
Wraff who obtained a value of 0,6. This may be due to the
low value of current density noted at limiting current conditions.
This may have happened because the step increase in applied
voltage was at .an inte~al of 100 mv which is a quite wide
range, and the actual point of in~lection which could have been
at a higher limiting current density might have been missed
altogether.

It should be noted here that a verification of the correlation
derived could not be attempted as other authors have not dealt
with simila~ systems.

(F'\-.
)
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Chapter 6

CONCLUS IONS AND SUGGEST! ONS

An analysis of the results obtained from the present study of
mass transfer rates for the deposition of copper at different sections of
the cathode with different forced convective systems, allows the following
inferences to be made _

(a) All the sections of the cathode attained,limi ting current
conditions more or less simultaneously fo~.~, range of applied
potential for all the convective modes. The starting point of
limiting current for forced recirculation of electrolyte through
an empty cell varied between 200 to 400 mV, while for a

fluidized electrolyte cell it was 100 mV.

(b) The width of the limiting current plateau decreased with
increase in flow rate. At very high flow rates and in the
fluidized bed the plateau shrunk to an inflection point.

(c) For the forced flow 0t fluid through the non~fluidized bed
cell the plot of Sherwood number against. Reynolds number
yielded three distinct regions of flow, namely, the laminar
regime below Reynolds number of 800, the transition zone in
the range of Re (800 - 3500) and a turbulent section after
that.

(d) During natural convection mass t~an$ferin the stationary
electrode the maximum rate occurred at the leaning section of
the electrode "andin subsequent sections t_he rate gradually

decreased.

(e) In the laminar and tr~nsition flow, reg~ons the highest mass
transfer rate occurred at the first section downstream from
the entrance and the rate decreased with increase in distance"
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from the reactor entrance, but gained slightly in value at
the outlet.

The cumulative average mass transfer co-efficient in these
regimes have been related to L/de as k ~ L/de-O.67 and ancav
overall mass transfer correlation obtained as

Sh = 7.75 Re 0.35 1/3Sc
(de/L)0.67

(f) The effect of sudden expansion, boundary layer separation and
flow reattachment and redevelopment is more pronounced in the
turbulent regime than in the laminar or turbulent one. The
point of maximum. mass transfer rate occurs at a distance
of about (2 - 2.5) times the equivalent diamet.er of the large
duct downstream from the inlet and it coincideJ'.wi th the
point of reattachmet- of flow. The cumulative average mass
transfer cannot be expressed as a function of electrode
length but an overall mass transfer correlation has been
obtained as

Sh = 0.016 ,0.87 1/3
Re Sc

(g) In the fludized bed mode of operation non uniform variation
of mass transfer co-efficient along the electrode length was
observed. The maximum value of the mass transfer co-efficient
did not occur at a particular section and the mass transfer
rate in the cell reflected the fluidized bed condition. An
overall mass transfer correlation was derived having the
form

k 8w ,
u

Sc 2/3 ( Udp

0.085 'L y (1-8) ] .0.35

.(hi The use of fluidized bed electrolyte has enhanced the rate
of mass transfer.



84

For accurate mass transfer measurements a well defined current
plateau consisting of adequate width and maximum inclination is desirable.
This ~ould be obtained by decreasing the interval of step increase
in applied voltage from 100 mV used in the present experimental study
to about 20 mV .. This would be particularly useful for conducting
experiments with fluidized bed electrolyte where the limiting current
plateau is quite narrow.

During the evaluation of the results of the fluidized bed
experiments it was mentioned that a sudden increase in mass transfer
rate occurred due to turbulence created by sudden expansion of the flow
channel at the end of the fluidized bed in the cell. This needs to be
verified. It can be accomplished by filling the reactor with packing
materials upto different heights ~nd then observing whether a sudden
increase in mass transfer rate Occurs immediately after the end of
bed height at a wide range of flow rates.
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Append,tx A

CELL ~IMENSIONSJ PHYSICAL PROPERTIES OF COPPER SULPHATE
IN SULPHURIC ACID AND OTHER RELEVANT DATA

The physical properties of 0.015M copper sulphate in 1.5M sulphuric

acid has been taken from Stanmore (1970) and Wilson (1974). They

collected the data from several SOurces. For the present study, the

concentration variations during the different experimental runs were

very negligible and the concentration of copper sulphate was considered

constant. Similarly, the temperature of the solution was always
maintained at (30~2)Oc. The density, viscosity and diffusivity of

0.015M copper sulphate in ,1.5M sulphuric acid used ap,'as follows.
~,.

For dilute solutions, the diffusivity of the copper i'on' 'can be taken

equal to that of copper sulphate wit~out any appreciable error.

Density (pf) 1. 091 x 103 Kg/m3=

Viscosity' (~) 1.22 -3
(s)x 10 kg/em)

Diffusi vity (D) 5.15 -10 2= x 10 m /s

Schmidt nUlnber (sc) = 2171

The same cell was used in all expe'rimental works and the cell dimensi.crns

are as follows:

Length of the electrodes (L) = 0.3 m
Width of the electrodes (w) 0.05 m
Spacing between the electrodes (S) = 0.02 m
Equivalent diameter (%) = 0.0286 m
Aspect ratio (SjW) 0.40

Total Elect'rode area 0.015 m2

Cross-sectiOnal area for flow = 0.001 m2
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The data used for fluidization caiculations are:

Average Diameter of the glass beads (dp)

Density of the gla.ss beads (Ps)

Galileo number (Ga)

Termin al ve loci ty CUt)

Reynolds number (Ret)

Index for. equation (3.25) (n)

=

=

=

-35.9765 x 10

2597 kg/m3

2.31 x 106

0.493 mls

2635

2.40

Ui = 0.305 mls

j(,
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Appendix B

FLOW CALIBRATION CURVES FOR ROTAMETERS USED IN THE EXPERIMENT

This appendix presents the rotameter calibration curves for the
electrolyte solution. (O.015M copper sulphate in 1.5M sulphuric
acid). The rotameter calibration curves were drawn from
calibration data obtained through experiments.
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-ROTAMETER-III
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Appendix C

EXPERIMENTAL CURRENT-VOLTAGE DATA AND CALCULATED RESULTS
FOR FORCED CIRCULATION OF ELECTROLYTE ONLY



Applied 100 200 300 400 500 600 700 800 900Voltage, mv

Current,
rnA

Cathode
section

-
1. 8.0 10.0 12.0 14.0 14.0
2. 3.0 3.0 3.5 :>.0 3.5
3. 2.5 3.0 3.0 3.5 3.5
4. 2.0 3.0 3.0 3.5 3.0
5. 2.0 2.0 3.0 3.0 3.0

6. 7.0 ~.O 10.0 11.0 11.0-
7. 7.0 8.0 10.0 10.0 10.0
8. 7.0 7.0 ~.O 10.0 10.0
9. 7.0 6.0 8.0 9.0 9.5
10. 4.0 6.0 8.0 8.0 9.0
11. 1.0 2.0 2.0 2.0 1.5
12. 1.0 2.0 :_'i.0 2.0 1.5
13. 1.5 2.0 2.0 2.0 1.5
14. 1.5 2.0 2.0 1.5 LO

'!)

"'"15. 1.5 2.0 L5 L5 LO

Total ~1easured
45 65 70 70 70 75 .115 220 330current_ rnA

Total Current 56 67 79 84 83Accounted, rnA
------~-~- -- .=--" ---- -= -:-- - ~~-~=- ---=--'.\1



Flow Rate; 1.1 1itresjmin.

Applied 1UO 200 300 .400 500 600 700 800 900Voltage, mv
Current,

.rnA
Cathode
section

1. 8.0 8.5 11.0 12.0 12.0

2. l.O 4.0 .7.5 9.0 10.0

3. 2.0 4.0 8.0 9.0 10.0

4. 2.0 3.5 7.0 8.0 9.0

5. 2.0 4.0 7.0 8.0 8.0

6. 7.0 15.0 20.0 l5.0 30.0-
7. 5.5 11.0 15.0 17.0 28.0

8. 6.0 11.0 15.0 16.0 24.0

9. 6.0 12.0 14.0 15.0 20.0

10. 6.0 12.0 14.0 15.0 20.0

11. 1.5 3.5 5.0 5.0 5.0

12. 2.0 3.5 4.0 5.0 6.0

13. l.O 3.5 4.0 5.0 6.0

14. 2.0 4.0 5.0 5.0 6.0

15. 3.5 6.0 7.0 8.0 10.0

Total Measured co
50 90 130 150 180 190 240 380 560 '"current rnA

Total Current 57.5 1U5.5 143.5 162 204Accounted, rnA



Flow Rate = 2 litres/min.

Applied 100 200 300 400 500 600 700 800 900
Voltage, mV
Current,

rnA
Cathode
Section

1- 4.0 7.0 10.0 1300 15.0

2. 3.0 5 •.5 9•.5 12.5 15.0

3~ 3.0 5.5 10.0 12.5 14.0

4. 3.0 5.5 10.0 12.0 13.0

5. 3.0 5.0 9.0 12.0 12.0

6. 10.0 20.0 28.0 37.0 41.0.
7. 9,0 15.0 21.0 26.0 30.0

8. 8.0 13.0 19.0 22.0 24.0

9. 8.0 14.0 16.0 20.0 24.0

10. 7.0 13.0 16.0 20.0 21.0

11. 3.5 5.0 6.0 6.0 6.0

12. 4.1)' 5.0 6.0 6.0 6.0

13. 3.5 5.0 5.5 6.0 6.0

14. 4.0 5.0 6.0 6.0 7.0

15. 4.5 7.0 8.0 8.0 8.0
'"Total Measured '"65 110 150 210 230 240 280 400 580current rnA

-
Total Current 77.5 130.5 1~0 219 242Accounted, rnA

{)





0C.S Rotameter II Reading = 0.0 Rotameter III Reading = 39.0 Temp. = 32 CFlow Rate = 4.1 litres/min.

Applied 100 200 300 400 5"OC 6eO 700 SGO 900Voltage, mv
Current,

mA
Cathode
Section--

1. 8.0 10.0 13.0 18'.0
2. 7,.5 9.0 12.5 17.0
3. 7.5 9.0 12.5 17.0
4. 6.0 7.0 12.5 16.0
5. 6.0 6.5- . 12.5 16.0
6. 22.0 27.0 40.0 57.0
7. 18.0 22.0 33.0 36.0
8. 12.0 19.0 21;.0 31.0
9. 1.2.-0 17.0 24.0 30.0
10. 11.0 16.0 21.0 22.0
11. 3.0 4.0 5.5 6.0
12. 3.0 4.0 5.5 6.0
13. 3.0 3.5 4-.5 6.0
14. 3.5 4.0 5.0 7.0
15. 3.5 5.0 6.0 8.0 '"(XlTotal Measured 80 120 160 230 260 300 360 440 630Current rnA

Total Current
235.5 293Accounted,rnA 125 163



..!II!!L

Applied 100 200 300 400 500 600 700 800 900Voltage, rnv
Current,

rnA
Cathode
Section

1. 10.0 10.0 13.5 15.0 17.0

2. 9.0 9.0 12.0 14.0 16.0

3. 9.0 12.0 14.0 16.0

4. 9.0 12.0 13.0 15.0

5. 8.5 11.0 13.0 14.0

6. 26.0 31.0 42.0 45.0

7. 24.0 25.0 30.0 33.0
~

8. 20.0 23.0 24.0 25.0

9. 19.0 22.0 23.0 20.0

10. 19.0 22.0 n.o 20.0

11. 5.0 6.0 6.0 6.0

12. 5.0 6.0 6.0 6.0

13. 5.0 5.5 6.0 6;0

14. 5.0 6.0 7.0 7.0
'"15. 6.0 7.0 7.5 8.0 '"

Total Measured 100 150 190 240 250 300 380 470 650Current, rnA.
Total CUTre;}t 179.5 214 242.5 254Accounted, m...\



I I 8 O' /'Flow Rate = . l1tres m1n.

Applied IOU 200 300 400 500 60U 70U 80U 900Voltage, mv
Current,rnA

Cathode
Section

L 12.5 13.5 23.0

2. 13.0 14.0 25.0

3. 14.0 15.0 26.0

4. 13.0 14.0 25.0

5. 1LO 13.0 21.0

6. 35.0 ,42.0 55.0

7. 30.U 30.0 4U.0

8. 23.0 26.U 32.0

9. 21.0 23.0 25.0

10. 14.0 18.0 20.0

11. 3.0 4.0 4.0

12. 3.5 4.0 4.5

13. 3.5 4.0 4.5

14; 3.5 4,0 4.5
I-'
0
015. 4.0 .4.5 5.0

Total ~teasuroc 105 170 ISlO 280 350 420 500 500 680Current, m.A.

Total Current: 204 225 314.5Accounted, rnA



C.8 Rotameter II Reading = 56
Flow Rate =.9.5 litres/min.

Rotameter 111 KeaollA!= ~.u 1'''. ! ju c.

Applied 100 200 300 400 500 60U 700 800 900
Voltage, mv
Current,

rnA
Cathode
Section

1. 13.0 13.5 22.0

L. 14.0 14.0 24.0

3. 15.0 15.0 25.0

4. 13.0 14.0 24.0

5. 12.0 13.0 20.0

6. 40.0 4"2.0 55.0

7. 29.0 32.0 41.0

8. 25.0 27.0 33.0

9. 23.0 23.0 25.0

10. 18.0 18.0 20.0

11. 4.0 4.0 :4.0
, .,

12. 4.0 4.0 4.5

13. 4.0 4.0 4.5

14. 4.0 4.0 4.5

15. 4.5 4.5 5.0 ....
S

Total Measured 110 : 185 2-00 SOO 560 460 SSO 630 770
Current, rnA

Total Current 222.5 232 311.5Accounted, rnA







C.11 Calculati9n Qf limiting current density at "different fl~ ~ate (iL amp",
"" , 2m

Flow
Rate
Litre/
min 0 1.1 2.0 3.2 4.1 6.1 8.0 9.5 11.6 12.6.

Cathode
Sections

1. 28.0 24.0 30.0 36.0 36.0 30.0 37.0 27.0 36.0 48.0
2. 6.0 18.0 30.0 36.0 34;0" 28.0 28",0 28.0 46.0 64.0
3. 7.0 18.0 28.0 36.0 34.0 28.0 30.0 30.0 44.0 62.0
4. 7.0 16.0 26.0 34.0 32.0 26".0 28.0 28.0 40.0 52.0
5. 6.0 16.0 24.0 34.0 32.0 26.0 26.0 26.0 26.0 30.-0
6. 5.5 12.5 20.5 24.0 28.5 "21.0 21.0 21.0 20;5 22.5
7. 5.0 8.5 15.0 16.5 18.0 15.0 15.0 16.0 16.5 16.5
8. 5.0 8.0 12.0 15.0 15.5 12.0 13.0 13.5 11.5 13.5
9. 4.5 7.5 12.0 12.5 15.0 11.5 11.5 11.5 11.0 11.0
10. 4.0 7.5 10.5 11.5 11.0 11.0 9.0 9.0 11.0 8.5
11. 4.() 10.0 12.0 12.0 " 12.0 12.0 8.0 8.0 12.0 10.0.

.- :.

12. '1.0 10.0 12.0 10.0 12.0 12.0 8.0 8.0 12.0 10.0
13. 4.0 10.0 12.0 10.0 12.0 12.0 8.0 8.0 10.0 8.0
14. 3.0 10.0 14.0 10.0 14.0 14.0 8.0 8.0 10.0 10.0
15. 3.0 16.0 16.0 16.0 16.0 15.0 9.0 9.0 14.0 12.0

--
r-'
0••



•.. , .. 6c;12 CalCql~t~QP ~f lQCal ayekage ~~~ t~ansfev cQ~eff~c~ent in each section .(K
1
.xl0 m/sl'. av

"\W

Ca.thode
Sections

Flow
Rate
Litrel
min o 1,1 2,0 3.2 4,1 6.1 8,0 9,5 11.6 12.6

1. 9.67 8.29 10.36 12.44 12.44 10.36 9.33 9.33 12.44 16.58
2. 2.07 6.22 10.36 12.44 11.74 9.67 9.67 9.67 15.89 22.11
3. 2.42 6.22 9.67 12.44 11. 74 9.67 10.36 10.36 15.20 21. 42
4. 2.42 5.53 8.98 11. 74 11.05 8.98 9.67 9.67 13.82 17.96
5. 2.07 5.53 8.29 _ 1l,.74 11.05 8;98 8,98 8.98 .8.96 10.36
6. 1.90 4.32 7.08 8.29 9.84 7.25 7.25 7.25 7.08 7.77
7. 1.73 2.94 5.L8. 5.70 6.22 5.18 5.18 5.53 5.70 5.70
8. 1.73 2.76 4.15 5.18 5.35 4.15 4.49 4.66 3.97 4.66
9. 1.55 2.59 4.15 4.32 5.18 3.97 3.97 3.97 3.80 3.80

10. 1.38 2.59 3.63 3.97 3.80 3.80 3.11 3.11 3.80. 2.94:.;

11. 1.38 3.45 4.15 4.15 4.15 4.15 2.76 2.76 4.15 3.45
12. 1.38 3.45 4.15 4.15 4.15 4.15 2.76 2.76 4.15 3.45
13. 1.38 3.45 4.15 3.15 4.15 4.15 2.76 2.76 3.45 2.76
14. 1.04 3.45 4.84 3.45 4.84 4.84 2.76 2.76 3.45 3.45
15. . ~.

5.53 5.53 5.53 5.53 5.18 3.11 : 3 ..1..1 ~.84 II 'T C
1. • ;",,}i

~ .• _..o.--'
, "

...
0
0'



C•.13 Calculation of Cumulative average mass transfer co-efficient with distance-,at _- 6 -
different flow rates (K _ X 10 mlsl

cav

~

Sections Di,stance
Covered, em

Distance' L
L,cm de o 1.1

FlOw _Rates Litre/min

2.0 3.1 4.1 6.1

~
9,



C.14 Calculation of overall limiting current; overall mass transfer co-efficient, Reynolds

number and Sherwood number at various flow rates

_..

x 10
6Flow Rate

Litre/min
i
L 2amp/m

Kav
m/s

Re Sh
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Appendix D

,:,.-: ' ..
EXPERIMENTAL CURRENT-VOLTAGE DATA AND CALCULA1£b RESULTS
FOR FORCED CIRCULATION THROUGH~THE FLUIDIZED BED



D.1 Rotamete~ II Reading.= Q~Q,

Flow Rate = 1.1 1itres/min.
RotaJ1let;'~IIi' Reading = 10.0; oreBlP•. =' 32°C

Applied 100 200 300 400 500 600 700 800Voltage, rnV
Current,

MA .

Cathode
Section--

1. 12.0 14.5 18.0 23.0
2. 11.0 10.0 16.0 22.0

3. 6.0 9.0 15.5 21.0

4. 6.5 9.5 13.0 21.0
-5. 8.0 10 •.0 12.0 19.0

6. 21.0 26.0 40.0 55.0
7. 28.0 33.0 54.0 90.0
8. 23.0 30.0 50.0 73.0

9. 10.0 12.0 19.0 25.0
10. 36.0 50.0 70.0 96.0
11. 5.0 6.0 8.0 8.0
12. 4.0 6.0 8.0 7.0

'13. 4.0 7.0 8.0 8.0
~
014. 4.5 7.0 9.0 9.': '""

l'S~ 6.0 I:O • 0 11.0 12__0
Total Measured 110 160 220 350 ~~n 590 670 740.,~

Curren t 1i1A

Total Current Accounted, rnA 185 240 351.5 489
'V







Rotameter. III ReacL.ng = 1.0., .'emp •.:? 32~C
,

,---.-"' ,'t1"

.0;4 Rotameter II:.;Reading= 0;0.; ..
"--,

Flow Rate = 4'.1 litres/min;

Applied lao. 20.0 30.0. 40.0 500 600 700 800
Voltage, rnA
Curr.ent,

rnA
Cathode
section

' .• ~J

1. 12,.0 13.0 26.5
.'

2. 10.0 12.5 20.0

3. 9.0 12.5 20.0

4. 8.0 11.5 19.0

5. 8.0 11.0 19.0
~

6. 31.0 33.0 40.5,
7. 46.5 56.0 96.5

8. 28.0 40.0 57.0

9. 27.0 34.0 39.0

10. 26.0 .30.0 38.0

11. 6.0 ;>8.0 10.0

12. 9.0 10 .0 13.0.
13. 6.0 6.5 9.0

14. ~ 6 ..0 6.,0 !'l.5

15. t .'J 2.5 9.0 ~~
N

Total l-1easured 150 210 270 4.20 570 770 950 H2O
~rrent, rnA

Total Current 239.5 292 ';25
Accounted, rnA. - .-.-,



1~.J.u Jt~UyJv.v, ••• iH I JWul 1~~.u, "Il= ~~-! _,l ..~
~

Flow Rate = 6.3 1itres/min.

Applied . 100 200 300 400 500 600 700 800Voltage, mV

Current,
rnA

Cathode
Section--

I. 10.0 12.0 17.0

2. 14.0 16.5 24.0

3. 16.0 19.0 20.0

4. 17.0 20.5 26.0

5. 15.0 18.0 26.5

6. 27.0 33.0 49.5

7. 64.0 75.0 99.0

8 .. 30.0 36.0 .58.5

9. 24.0 28.0 43.0

10. 25.0 30.0 43.0 ,... .-:11. 5.0 6.0 11.0 .; '.'

12.- 7.0 6.0 13.0

13. 6.0 7.0 14.0

14. 3.5 6.0 12.0

15. 4.0 6.5 13.0 ,...~
w

Total ~-a:sm-ed 170 240 290 440 (:.: .•... 3"3-Q :.'340•• ":1: •••••:

CUrrent, mA

Total Curre:lt 257.5 319.5 470Accounted, ::.}..

~ S3





I

D. 7 calculat!on of necessa..ry terms for the mass transfer correlation

k

Flow Rate . Limiting Mass transfer Superficial Voidage KwE 2/3 U d PCurrent CO-efficient velocity --.Se
Lit.E>:r/inin iLamp/m2 Kwx 106 m/s U m/s E u r (1"£

1.1

2.0

3.2

4.1

6.3

14.66

15.33

16.66

18.0

19.33

c

5.06

5.30

5.75

6.22

6.68

0.085

0.018

0.033_

0,•.05 3

0.069

0.105

III 0.35

0..31

0.40.

0.48

0.54

0.64

0.015

0.011

-38.7xl0

-38.16xl0

-36.83xlO

139

294

545

802

1559

'"'"en
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