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The theoreticel mepects of the phencmencn of Electro Chemicel
Mans Tronefer hove been expleined after the intreduction of the principles
of Mees Transfer andi concept of Nevnet'é diffusion layer. The relstion
betwesn the layer end zece trensfer co-sfficient is amalyeed along with that
of between the letter and the current passing during the electrode resction.
It ie?-lli:un that eppliecation ef dimensionless enalysis makes it possible ta

predicet mass transfer behaviour from enalogues dote from other transpert

Procasasas.

A review of experimentsimax work se far done by ether workers in

the field of the effect of electrade reacticns is prasented.

Soms practicel woerk done with o vieu to study the sloctrchemicel
mass trenefer at cylindricel rotating eleoctrodes in naturel end forced

convection process have been prasentoed.

The limitaticne of the experimentel set up used are analyecd and

sugrestions for future werk uainé an ;imprc;vad technique has been discuseed.

e



CHAPTER o 1

INTRODUCTION

Study ef mapss transfer at wer king electrodes is of fundamental
impertance. (1,2) ir amlysis ef electede phenemens and ir censidersticn ef
cencentration pelarization, limiting currents, and retes of electrede roict:l.om.
Several typical cases have been anglysed by the metheds ef hydredynsmics and
boundary layer theory, and fer a few mcdels, experimentesl results were sucdess-
fully cerreligted (1,2). The effect of natursl cenvection in electrelysis was
quantitatively evaluated by Wagner (5)_ and Wilke and cewerkers (4) among
ethers. Retating Disc electedes vere treated mathematically by Levich (5).

This theery applies if the diffusicn beundary layer at the disc is laminar.
Along the lines suggested by Agar (8), Lin and cowerkers (7) cerrelested
limiting current densities fer the inner electrede eof an anmual cell with
stresamline end turbulent lengitudinal flew. An exteneion ef this sthudy fer
lamipar and turbulent flew along flat plate electredes wae reperted (8),

When a metal is depesited en a cathede, the concentration ef
cations in the selutien adjacent te the electrede decreaeee. Becauee of the
deficit ef cations at the cathede, catione diffuse tewards this electrede.
Thus there results er superpeeition of migration ef cations due te the applied
electric field and diffusion due te the cencentratien gradient, The selution
being at rest, the current deneity being given, and the anode being suffi-
clently remete, H.F. Weber (9), S.R. Milner (10), and ethers have shewn
beth theeretically and sxperimentally that the catiene cencentration at the
cathede decresses as a linear function of the square rect of the time. When

the @contution of the cations at the cathode appreaches Zero, a new
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.ctthodic process starts, vhich in seme instances is the evelution of
hydregen. The drop of the cetion cencentration to zere is te be expected at
rather moderate current densities several minutes efter the beginning eof
electrelysis. Actually much greater current densities than calculated ean
be applied in the case ef fertical electredes because convection takes plsce
and thus decreseec the 'diffusion path! which has been calculated frem
ssturation curresnts by varieus authors i.e. R.B. Wilson end M.A. Yeutz(11)

and 5. Glasstone (12},

The present investigetien ia cencerned with cylindrical central
slsctrodes rotating in cencentric cylindrical cell.

Recently, retatsd slectrode surfeces have been used in chemical
amlysis end in corrosien studies in parallel with polaregrarhic metheds
(18,14). Industrical applications ef this ferced convection are knewn anmd
further impertant uses ere anticipated.

The effect of spesd of retation upon rate of mass transfer wvas
first studied by Brunner, (15,18). Ho feund thet the diffusion layer thick-
ness, g decroases with the £/5 power of the speed. Hewsver, he ceneidered
neither tho effeot of rsters diameter ner the dependence of phyeical
preperties of the slectrelyte. Therefere, enly qualitative cenclusiens

can be drawn frem these expe rimental data.

Fucken (17) analysed the offect?lamimr flow forced convection upen
Tate of maes transfer at an electrode. In his experiments the external vessel
containing the selutien was rotated, end lamipar flow pass the fixed inner
£lat plate electrede resulted. Buckeun's mathematicel analysis is valid enly
| for this particular condition. Kembara and cowerkers(i8) adapted Bucken's
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troatment to e 0,5 mm dfemoter pletimm wire el'ee'tfédc's projécting 'pnrben_
dicularly 6 xm from the axix of a rotating ginua red. In the derivatioﬁ, ﬁ.
ips assumed that thé velocity gradient at the electrode surface is proportienal
to rpm. Thiz is valid fer Bucken's model where leminar flow exists in the
entere region of flew, tut ie inadmiseible for the turbolend fl;iu case,

vhere leninar flow is restricted to the bnﬁmhry layer adjacent ;t.o the

electrode aurfece.

For' the sake of elarity, the term Protating slectrede® is used
henceforth only in reference te cylindricel eleotredes. Recently, Reald andl
Beck (19) used such retating electrodes in a study of dieseclution rates of
magnesiun end its alleys in hydrochloric acid selutione. They feund that
the rates ef disselution incremse in lew acid ooncentrations with the
0. 71 power of the speed eof rotstion. At hipher acid concentrations (1,4 M
and higher), the reaction retes become entirely independent of rotational
speeds, as the stirring effect preduced by hydregen bubbles evelving at the
metal interface becomes predominent. This stirring effect, howewer, sheuld
not be ignored sven at low acid concentration because ef turbulence caused
by hydrogen bubbles moving in the boﬁnﬁiry layer adjacent to the disselving
zagnesium rod. Far thie reeson the work of Roald and Beck represents a

rather speclal case of forced convection masex transfer.

In studies of dissolution and corresion rates of reteted metel
reds king and coworkers (20,21,22, 28) estimated the mass transfer coeffi-
cients employing Eing and Shack's earlier experimentsal finding (24)
accerding to which "normal diffueion® (or tremspert) contrel requires
‘that rates be linear vwith peripherial speed about 5000 cm/min (25). King
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and Gatheart (2E) :Lndiog.ted thet the mass transfer coefficient is directly
proportionsl to the 0.70 pewer of the di_ﬁ"uai'on:gaefficient of the reacting

lonic species.

Th'e'effa-ct of cylinﬂar diameter, speed of rotation, aiffulaion
.eae!"fioiont'. and v’ilacosity on maés tranafer retes haé net been s'ﬁcces.stully
incorporated into = aiggle correlastion, aithongh Chilton-Colburn anslegy
for correleting the periinent variebles wme reslized bf Eind end coﬁﬁrkore

in 1987 (26).

The present work was undertanken with the following aims in mind:
() to oetebligh éorrolationp between physical properties of a system,
gecmetridal and hr(lirodynamid conditions, and retes st which a solute {ion)
is transferred to or frem a electrode, both stationary and ratatiné,
{b) to detemine whether such goneral msss tremsfer correlations. enable
prediction of concentration polarization spd limiting ‘c'l:tlrrcnts in steady
stete electrolysis.
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CHAPTER - II.

MASS TRANSFER IN CONCENTRATICN POLARIZATION

Any electrode reacticns proceeding at & finite rate invelves
movement of the solution botween the bulk of the liquid phase and the
olsectrode solution interfece. fissolved reactants must be supplied to the
interfece or products must be remcved. In the sbeence of fluid turbulence
ions are tranasferred from solution to an electrode by three prineiple mecha-
niams.

i) By Diffusion.

ii) By Convection {i.e. movement of léquid conteining the ions)
end  1ii) By ionic migration.

Migration and convection cannot account for the whole of material required
or produced by the reamction and the Yc@ac»pererl:ion of diffusion is always nece.
ssary; the concentration at interface must thérefore differ from those in
the bulk of the golution. Such differences in ionic concentretione are the
cauee of concentration overpotential or polarization and limiting currents

and plAy an impertant role in the kinetice of electrode reactions (27).

For a given speclies the rate of trensfer in the y direction per
unit areg of the electrode (metel) surfece perpendicular to y at any point

in the enviroment (fluid) may be expreaséd by the equation :
N¢ =cu%,q-b%c + Ve =)

Where Ny = totel rete of transfer in ? grem 1one/cm2..$ec, C = Concoentration

of glven species gm ions/em5, ¥ = mobility, om®/Sec volt, @ = potential
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in volts, y = distence in direction of trensfer, cm, D = @iffusion coeffi-
cient, cmz/sec, V = velicity of bulk fluid motion in direction of transfer,
em/sec. The three term on the right of the equation (1) represent respectively

the contribution of mipration, diffusion and convection.

For steedy stete process it 1s poesible to define the migration
term in terms of current per unit area perpendicular to the direction of

transfer (28) as
Nu = €U = Te T @

Where Ny = rate of mipration in gm-iona/cmz-sec; T = transpﬁrt ruzber for
the particular species; n = number of electrons transported during the ionic
reaction; and F= the Farsdey's constant. In the presence of sufficient amount
of inert électrolyte the trensference er transport number of the species

concerned mey be taken as negligible, making the migretion term unnecessary(2).

By exeluding the effects of migration one is left with the combined
effects of diffusion, eddy diffusion and convection . Transport .of ions or
molecules by these means are termed ﬁs "Mass Transfer". The mass transfor
process is known as "forced convecti_on'; vhen the system ie externally agitated
by mechanicel means such ae stirring or pumping. It is termed "free or natural
convection" when mixing takes place due to density différences accompanying
concentration differences from point to point within the fluid. A steady
state process referred to earlier, implies that the trensfer rates, currenmt
density, concentration, temperature and other varisbles assoclated with
operation of the elsctrolytiée cell ere independent of time et any patticular

point in the system.
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The different mase transfer mechonisms take part to e varying

degroe ns icns meve from the electrods solutioﬁ interface to the bulk of the
golution, with the nature of the procsss at eny dietance from the methl
alectrode depeniing on solution motion, shepe snd position of the cell
comprising cathodic and anodic aréaa on the metel surface, and other potential
veriables. As & result of the psrticipetion of diffusion im transfer process
the movement of ions towards or away from the electrode resulbs in a decreasing
concentration of the species in the direction of transfer, thereby producing

a concentretion gredient. It is stated thet this concentretion gradient

provides the driving force for mass trensfer to teke place.

fhe overall mass transfer process is sometimes expressed with the
belp of equntions of a simple empirical form which relate the mass transfer
rate to the concentration gradient ( the difference between the bulk concen-
tration of the ions ond the concentration at the electrode solution inter-

face). Thus the rete of transfer ic expressed by coefficient K, defined as:

. e —m = (>
Ng = Ko (G- €0 &
vhere Nd = mess transfer rete st anf'particular point on the electrode,
gm-ions/hmz-sec; Ki, = mess trenefer coefficient, cn/sec; Cp = bulk

concentretion gn ions/em® amd Cf = interface concentration.



wbm

Nernet lLayer.

Kernst postulsted e stetionary layer of liquid in contect with the
electrode; within the layer only diffusion is operative, while outside thii
layer th® concentration is mainteined at a constant value by convection,
diffusion being negligible (30). The implications of the sesumption made b§ 
him may be stated in modern terms as follows : -;

(1) That the chemical processee at the surface always prbceeé véf§\
mueh faster theh kim one of the two transfer processes, \\\_
(2) That in a well stirred system the concentration gredient is \\=

confined to a thin leyer of solution adhering to the solid surface,

(Z) Thaet within thie layer the concentration varies linearly with
distance, measured normal to the surface, end

(4) Thet the thickness of thie layer, whilst being e function of
the rate of stirring ani of the geometry of the system ic independent of the
coefficient of diffusion of the ions or sclute, of the viscosity of the
electrolyte, and of the tempersture. None of these assumptions sre entirely

correct (29).

It has been stated by several suthors (30,51,32) that there are
coertain chemical remctions where kineties are controlled by factore other
than that of trensport. The essumption that the diffusion layer is statiorary
vith respect to the surface is not true. The suggested values of é; » the
diffusion are of the order of 0,03 mm which corresponds to layers of
'%0,000 molecules thick - rather an improbably high figure. It bas hlsc
been experimentally obaefved that fluid motion does exist even down to very

short distances. Under such circumstances, the essumption that the ion

_—
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conceptration is & linesr fumction of the distance y (measured nommal
to the surface) over the rangé ©¢ _\jég is only an approximetion. Ang,
finally experiments have shown that .5: does depend upon D which means

viscosity and temperature sre elso determining factors.

According to the Nernst theory (33), the rate at which a solution

pesses through the diffusion layer is

§g = lli-ch—;ci) cevvees  (4)

Where,
D = Diffusion coefficient,
Gb, Ci = Bulk and electrode concentraticns,
é = Thicknese of the diffusion layer.

~ Provided the transference mmber Te is independent of conc¢entration,

Nd is given by :

I (I-Ta) eeseesse (5)

Na = ADF

Where I = The totel current,-.
A = the clectrode area,
F = the Faradey's constant,
n = the no. of Paradaye required per mole reacting.

and Te = the tremsport number of the reacting ion.

The diffusion layer gﬁ in equation (4) hee also been termed the
equivalent film thickness. This coneépt expresses the mess transfer process

by the rate eguation foi" steady state diffueion from Cp to Ci over a
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rhypoth;tical layer of stegnant fluid thicknese 29 « The diffusional temn
of equaticn (1) i.e. Fick's first law is integrated to provide equation (4).
Althou;gh the Bypothesis of a stagnent layer put forward by Nernst has besn
proved to b'e wrong, the true concentration profile in the vicinity of the
electrcdo can be represented by aﬁ equivalent concentration profile as

gx represented in Fg. 121,

In presence of sufficient amount of inert electrlyte Ta in equation

nmey be neglected. In such a case :

o S

under limiting current conditione when C; =0,

{(6)

Iz_ - %_ Cy, cvaseas (7)

It should, however, be mentioned here that the theoretical meximm

" current density cennot be reached in practice because of the development of
sledtrode polerization mssociated with depletion of the rescting ions in the
region of the electrode. This polarizaetion is approximately equal to the

enf of a concentraticn cell formed between two solutions conteining the reecting

ions e concentrations Cb and Gi.

From equation (7) it is apparent that Iz_may be increased by decreasing
é and this will subsequently incremse the overall masas transfer rate.
This can be done, as will be seen in the next chapter by egiteting the
eloctrolyte. When the electrolyte is agitated, mass transfer is eaid to

take place by forced convection laws of hydrodynemics come inte play and
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- affects the kinetics of the electrode resction. By combining equstions (5)
and (5), assuming the presence of sufficient amount of inert eleotrlyte and
for unit electrode arsa, it can be chow that :

I=nF (Gy=0C )K_ ssesses  {B)

This equstion cleerly indicates the dependence of the current in

en elsctrolyte reaction on the maes tranefer coefficient.



% b5

CHAPTER . II:

ANALYSIS OF MASS TRANSFER

Since mass transfer involves édn&antration changes, a moye detailed
, lmalysiu of such changes taldng place in a solution seams desirable. The rate

of concantraton

of chenge selwtien is given by the differential equationg

%f- %C‘—> ._..;-@)

% +CO_S§

2E = D(gE+ 1%%; ) -

Whers t is time, D is the diffusion ecoefficient, end u,v,w, are the x,y,s
components of the veloeity 'V* at the point x,y; %. The first term on the
right represente the effoct. of dlfﬁlﬁiﬁn, vhich is assumed to obay Fiek's
lev es in a stationary fluid, the second term gives the change in concen-
f.i‘ation due to convection. The velocity components are determined by the
Nevier Stokes equations and by the equation of comtinuity, togather with
sppropriate boundary conditions. A brief discussion is given in order to show
the faét.ors on vhich motion depends,

The components of velocity u,v and w in a liquid are determined by

the equation of contimuity :

gu' %fo - - ‘“'Qo)
sz %:j Sz

together vwith Navier . Stokee equations:

TuauBs vy iol

% ﬁa‘u-

T Py - )
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‘and two anslogues equetions in v amd w. B, P, ) are reapectifely the deneity
totel ﬁressute and knemetic viscocity end X is fle x component of the extra-
neoue forces acting on unit mslms of the liquid. The terms on the left, taken
together, sre the accelaration of a particle of the liquid end efter multi-

plying by @ the equation (11} hes the farm: j
®
density X accelerstion = Pressure gradient + extraneous forges +

vl scous forcoes.

The extraneous forces to he considered are gravity end in e liquid of

constent density this is balanced by the hydrostatic pressure (27).

In_ ganeralﬂ the differentinl equation for changes in concentration cen
only be solved for thope ¢amses where the equations for fluld motion can be
reduéed to a simpler form. Solution cen be obtained for certain systems and
in one case Levich (5) has given a deteiled treatment of mess trensfer under
nonturbulent conditione. His system coneisted of a flat dilsc in en infinite
volume of solution. Under these co.nditions levich eolved the equation (9)

for nonturbulent conditions. He obtained :

Sce _ pa | (Ce=CD e == (2D
T SE TV o039y

Where V is the solution volume and % the thickneos of the region adjecemt
to the plate over which the concentration differs significantly from the bulk
concentration., By integrating equation {(12) end compairing with equation (4)

the thickness of the fictitous Nermst layer is given by the expression :
! e V% .~ {
S - ogetd =162 D2 DA - =-{3)

For nonturbulent flow this relgtionship has been proved to bs satisfactory.
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Application of Dimensional Ammlysis to Mase Transfer

The solution of the differentisl equations is a function of the
coofficients vhich occur in them and the Qunntitifes which eppear in the boun-
dary conditions., Hence the mass trensfer rete N depends on U, ?3-,1) and
(cb‘ci }; it also depends on the diastence y perpendiculsr from the elsctrode
surface and cn the variovs coordintes vhich determine the position erd size
of the elsctrode (im.zluding the erea A), end of the other bounlery surfaces.
211 these latter quntities can be expressed in terme of some cheracteristic
length (1) (i.e. length of the electrode or the corroding surfecs), together
with dirensionless ratios of the type X/I. This provlem thus involwes six

dimensional quantities, N3, U, 2 I, D, and (O = Ci )»

It is posaidle to express the rsatios hetween these six quantities
inx a forx which is independent of the units employed, u es a relation between
dimensionless gronp. Table - I shows the dimensions end units of quantities
listed In the previous paregraph :

Tabla « I

Syzbol Quantit Dimensions
Na Mass Trensfer rate per unit ML q= 1
area (mol/en® = sec.)
c Concentration diff'srence me~ 3
. , :
. { mole/en”)
D Coefficiont of Diffusion 1® e 1
2 ‘
( Cm"/Sec. ) . 2 .1
5 ' Kinemstic Viscosity ‘ " T
(cm? /sac. )
1 Cheracteristic Length L
Lr-}
] Characteristic Veldeity

g Gravity X density coefficient M L4‘1’
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‘Elimination of three fundamental units M, L amd 7 1lpeaia thres
conditions, hence £&-3 = 8 indepenient dimensionless quantities can be farmed
from the six variables. They may be choses in various ways, but the following
kave been shown 4o be most convenienmt :

: , Ul
Reynold'e Number 1+ Re = —<T—
" Fueseltd Number : Nu = i‘a&i
Pranitl’s Nmber 1 Py = 2

D

The relation betueen the six varisbles can thus be reduced to :

Nw = B(Re.Px) ——- —--- === QD

The fora of function g!f’ flepends upen the geometry of the epparatus.

Equation (15) in & modified version of the equation above equation :
/ a b _-—0s
N = PRSEY - 09

Thue, bowever, ie only true for farced convection becauss in matural
convection veloeity U does not appesr. Instesd of quantities g and o< have
to be taken into account. From the six varisbles N3, I, 2, D, AC and (éo()
three dimensicn less quantities c;n be formed; the usual cheice 1s N, and

Pr ae in forced convection along uith

1Pgx ac
Grashhof's nmber : Gr = "‘_;)_I_—"
ﬁﬁnce, H'II =t G {Gl‘, Pr) ‘...l..'t.l..'.l. (16)

It most ¥» mentionad hers that enalogues relstionships are held
true for the variables effecting heet and momentum transfer. Deta from

. analogens sxperimental observations in one form of transport phonanenan



is frequently employeé for prediction of beheviour in others (27,29,34).
The physieel significance of the dimensionless groups is of intereste
For mass transfer, the Nusselt's number, (then sometimes temed the Sherwsod
number ) represents the ratio of the sctusl rate of mass transfer per wnit
ares Nd, tc rate of mass tranefer by diffusion in the stationary fluid
ACD
1 - -
Schimidt number) is the ratic of the fluid property governing the transfer

The Frandtl's muber (sémetimes in the ¢ase of mass transfer the

of momentum Ly visecue forces due to s veloeity gredient, to the f£luid property
governing maes trensfer by mobecular diffusion due to e concentration gradient »
The Reyneld's nurber may be regarded es the ratio-of fluid momentum per unit
area per unit time (pu2 }, to the viscous drug force per unit area (h U/I)
against whlck it is belenced. In the cage of moving fluid, the importence

of Reynoid's mmber can be more fully éppreciated, o8 the transition from

non turbulent er leminar flow to turbulent flow conditions is governed by

ite velue.

Seme aspects of surfaces under dynamic fluid flow conditions,
referred to sarlier in the previous paragraph deservqa more detsiled treatment.
The particles of a real fluid in contaet with a boundery have the same
velocity as the boundery itzelf. Aﬁ.for instence, during flow over a flat
plate, the fRuid sdheres t2 the wa}l , snd frictional fordes retard the motion
of the fluid in = genarally‘thin leyer nesr the welle. In this lsyer the
locel velocity of the fluid incresees from gero at the wadé to its full

velue in the un.disturbed flow &3 ehown in Fig. 2.

Tho ratio of cbenge of velocity at the vicinity of wass follows a

definite law. The zone near the waff is known es the boundary lsyer. The
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‘boundary leyer thickmees ie considered as that distance normal to the wakl
vhere the locel veloeity is 99% of the undictwrbed velocity. The velocity )
gradient is very large near the wa#t and gives rise te high shoaring..atreues.
Howsvar, as the loesl veloelty spprozches the undisturbed velocity asympto-
tically the local shearing forces become smaller snd meller, end eventually
become zerc. As the fluid reaches the upstream edge of the plate, fluid
particles may adhere to the plate. Shearing stresses are developed, and
through the action of momentum transfer more and more fluid particlees are
sloved down and the boundary layer is developed. The flow within the boundary
layer at the leading edge is laminar, Beyond thie the flow becanee turbulent
according to Re. In cess of flow over a thin flat plate the velue of the
Reynold's number at which the flow becomes Purbulent is epproximately 51_105.
The transition from leminar to turbulent flow begins epproximately at Rew

5x10°. Similar figures for X8 flow through pipes are 3000 end 2160,

For the lamimr %ype of ﬂoi.r, the velocity compenent parallel to the
axis, depends only on the radial distanceéd from the axis. For turbulemt flow,
the velecity components bave to be regerded as mean valuee teken over s long
interval of time. Their ectusl walues et any given peint fluctuate with time

oving to the movement of turbulent eddies through the fluid body.

The thickness of the hydrodynemic laminar boundary leyer in cese

of flow over a thin flat plate is given by theo Blassiue equation :

ghydrodynamic = -g-al-w....‘.'... (17)

The thickmeas of the turbulent boundary leyer is alsc given by the Blasiue

_equation :
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. .- %hydmymctnrhmem "u ‘ . (ne?i“;- . LA NN K XN ] (1?")
{for X plesse refer to fig. 2 )

Similar relations bave been obteined for cases vhen a disc is rotating
in a fluid of infinite bounderies (@f. previous discussion on Levich's
work case of diffusion leyer ), amd for flow through pipes (35).

In all ceses of moving fluids of prectieal interest the Reynold'a
oumber is ruch greator' than uvnity. The flow of fluid as deteiled in the previous
goctions cen be divided in to a region of unviscous flow ani the boundary
layer xx else called Prandtl boundery layer contigicus to the surface of the
solid.

To molve the problem of tramsport of weiter in a stirred solution
it ie necessary first of all to find the distribution of concentration in tke

sclution.

There is yet ancther dimnnsionle\s's number which ean be introduced
in the presert diseussion. This is the Peclet mumber - (UI/D). It corresponds
to the Reynold's mmber for the fhow of liquid, end the regime of transport
of matter ie determined by the velus of the peclet number. If this mumber
is gre‘et compared to unity, mokecular diffusion can bo neglected iﬁ ecmpari son
vith convective transport of matter, 1f it i amall, on the contrery,
molecular diffusion predominates. It might be of interest to note here tbnt
the ratic of the Paclet number and the Roynold's nmumber is the dimensionlcés
aumber called the prandtl mmber : |

Re






E[n the ligquide the Pra_n&tl number is a.llwa.ye lerge in compared to wmity,

vhere as in gauses it is in the order of unity.

Due to the mmallnese of the diffusion _cc_»efﬁéient the Peclet number
ie large for the lowest walues of the veloeity, even when the corresponding
Re 15 etill emall compared with unity. Moleculer diffueion in liquids can,
therefore, alvays be neglected in comparison with convective transport of matter,
When the Peclet mumber is large convective diffusion can be treated in e
msnner um.légaus to that epplied in hydrodynawries to the flow passed a hody

at large Reymold's mmber.

Thus at large Pe , a8 at large Re, the éntire liquid cen beld:l.vided
inte two parts; a reglon of constant concemtretion far from the surface of
reaction and a region of repdd warlation of concentretion in the :I.-.;nme&iats
vielnity of the surfece. The sone adjacent to the surface is snslogeus to the
hydrodyamic boundary layer referred to earlier. In the latter lgyer the
viscosity of the liguid has to be taken into accountps, where as in the main
bulk of the flow it does ndt come into play. Similarly in the liguid layer
~ contiguous to the surface of the electrode likewise in a corroding surface,
polecular diffusion must be considered. This layer is known as the diffusion

boundary layer or the mass tranefer boundary layer (84).

Although the concept of a mass transfer boundery layer may appear
to be & generalisation of the Nernet!s layer, discussed’ in chapter 1I,
there ia n ftmdamenfal difference bstween the two goncepts, This differcnce
lies in the fmet that the weloecity of Im flow of the liquid in the diffusion

or the mass transfer boundery leyer ie not necesearfly equal to zerc. The
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'ﬁza_gs transport boundary leyer is an analogue of thermal ‘boundary ;lgyer in
the theory of traneport of heet in liquids but is several times thimmer
than tﬁe latter. Levish in his euperiments wvith the rotating disceo has

shovn that the maes'treﬁeﬁr Mary iayer‘ eqﬁa?!.a the t.hi‘clmg_ss of the layer
dragged along on the region cohtiguouu-s to fhe surface of the disc (i.e.

the hydrodynamic boundary layer) divided berrépdt-l mber' to the po_uoi-

1/5 1.6, (pr)/5 o
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CHAPTER IV

PREVIOUS WORK
Natural Convection..

Signifieant wark has been done by exploying the prineciples of
slsotrochenical mass transfer. Brunner (15) was the first electrochemist to
study it with an enginsering end inview. Werk has besen done employing the
principles of hydrodynamice ani boundary layer theary and for a few models
experinentad results were successfully correlated (1,2).

The effeot of natural sonvection im electrolysie was studied by
Vagoer (5) end Wilke and coworkers (4) . Wagner showed that st a vertical
elsctrode a well defined corrective flow due to the generslly mmaller density
in the boundary layer and the resulting buoyancy force exists, amlagous to
patural convection in the course of heat transfer from a rediator to ambient
air. The interplay between diffusion and conveotive flow deteraines the
limiting current density which occurs if such a voltege is applied that the
concentration of one of the resctants at the eleotrode drops to zero.
Deviatione from the vertical position of the electrods upto 15 degrees
ha4 no noticeable effect. The increase of convection due to the develoment
of hydrogen var inveetiganted. As long as the current flowing accross the
lower ssotion was ¥ 80 msall that only copper was deposited, the current
deneity of the upper section decreased with increasing ocurremt of lower
section. When the current of lower section excesded this walue, copper as
well as hydrogen ions were reduced and the current deneity of the upper
section roee considerably. The ascending hydrogen bubbles increased the

convection. Yet it is remarkable that the ascerding hydrogen bubbles increase



-the limiting current density no more than by a factor of two. This observation
chows that natural convection alone is relatimely effective and forced convec-
tion becomessignifiocant only vhen ite intensity is feirly great.

Wegner (86) reported that for mass transfer due to ﬁtmd sonvection
in & léminar boundary layer, the current density is virtually constent,
although concentration polarization at both the cathode and the anode
varies from tottom to top. Hs found that the locel limiting current density ie
proportioned to the fourth reet of the disteance from the leading edge of the
els ctrode in accord of the experimental results(8,4,37,58). Approximate
solutions of the differentiel equations for the comcentrstion and the velecity
distribution in the boundary layer have been cbteined by using solutions
for the enalogous heat transfer problem (8,4, 6, 57,58, 59,40).

Abramson snd King (45) vhile studying the rate of dissolution of
iron in acids in 1989, enslicted the following general criterie of a diffusion

controlled resction rate :

(1) Various solide disselve in the same reoagent at the same rate,
(2) In different reagents the rate is an exponential function of
the diffusion coefficient. |
(8) The rate increases with stirring speed, the exsct function
ddpending upon the type of stirring.
(4) The rate follows the same function of viscosity as the diffusion
esoefficient.
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(5) The tempersture coefficeint is generally less than 1,5 per 10°.

In 1962 Riddiford Birocumshav (46) reported that kinetics of the
dissolution of sinc in squeous iodime' selutions. In confarmity with the
criteria enlisted above, they found that zine, copper, amalgmmeted copper,

brass stc, dissolve in sgqueoue lodine solution at the same rate at the same

experimental copditions.

FORCED CONVECTION

Lin and aseocistes /7) made a systematic study of the transfer
rates of ions and of other reacting sppcies in diffusion controlled electrode
reactions. They measured the ttansfer rautes from a flowing eleotrolyte to the
surface ¢f an slsctrede. The rsactions studied were the cathodic reduction
of ferricynide ion, quinone and exygen and the ancdic oxydation of ferro-
oyanide at various flev rates. The results obtained were in remarkable
agreement with the etandard Leveque's equation for mass transfer in the stream
line or laminer region and wikh Shitton-Colburn'’s emperical relation in the

turbulent region,

Eisenberg and his associates (48,40) also took recourse te the
ferri-ferrocygnide system in their study of icniec maes transfer and concentratien
pelarisation at retating elecctrodes. They also studied the mass transfer
rate of solid cylinders retating in solvents. They found that s gemeral mass
transfer correlation applied equally well to dissolution rates of rotating
solide and to retes of ionic mass transfer at roteting electrodes. This
correlation takes into account physidal properties of the esystem as well

as geometric snd hydrodynamic factors.
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;lho correlation allows prediction of limiting currents ard concentration
polarization at rotating electrode under a wide range of conditions. The
nature of polarizstion involved in reduction of E‘o(fm);s anl oxidation of

o (CN )':_ wae also investigeted. Polarization vaw found to depend strongly |
on pregence of electrode positions. With freahly prepared solutions, under
exclusion of light, and with cathodically treated nickel electredes, relatively
mall chemicel podarisations were determined. For rotational speed not excee-
ding Reynold's rumber 11,000, chemical polirisation was found to be negligible
in comparison with concentration polarization. Under such conditoons, the
ferro-ferricyanide couple can be conveniently used to obtain maes transfer
rater for wvarious hydrodynamic conditions, or conversely, to werify the
validjdy of mess tranefer equations by a comparisen of experimental and
caloulated values of limiting currents and concentration polarigatiom.

The rotating ele ctrode model ueed by them was found to be most
suitable for studying the neture of electrolyte polarization phenamena
because of uniformity of curremt distribution emd the hydrodynamic diffusion

layor at the elsctrode surface.

Hovever, all these worke reported above are recent. It wes Brunner
{15) in 1904 vwho first studied the effect of rotation upon the rate of mass
transfer. He expreesed his findings in the form of the diffusion layer
thickness :

C w005 @ aeceeenes (28)

(rem)?/®

and io defined by H= D‘_M'
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HSince he did not take into consideration the effects of rotor dismeter or
those of the pﬁyeieal properties of the e_loc'l;rlolyt.o, only 'qmntatfire deductions

¢an be made far different expe riment s,

: 'Sisonbarg ami his associates (49) in a review of werks on ellied
tépies report that the methode of hydrodynamics were applied for the first
tims by Eucken to predict the Voffeet'of, forcef convection updn the rates of"maa
tronsfer at an ela'ctrodo. During their own experiments, Bisengerg ot 2l
obtained results vhich lesd to the conclueion that |
—— R 300'644 = Constant g (Re) esese (lﬂ).
Where g (Re) represents a functions of the Reynold's mumber. The mass
trensfer correlation for the two. els ctrolytic resctions, eathodic rﬁduct.ion
of ferricyanide and enodic oxydation of ferrocyanide show the foliowing geneorgl
relati onship :

:! 360.644% Constent Re"*%0 . 0280

o1 (50) bas reported that between 160 / Re Z. 1000

Bu = 18.8 Ro*¥

ani for 1000( Réé 12,600, Wagner (86) roported

Nu = 5,06 Re 0. 56

The sharp change in tr'an‘ufer‘ coefficients on transition from laminar

to turbulemt flow has aleo been observed by Lin and hic mssociates (7).
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The much employed rotating electrode technique was also ﬁsod by
Makridee in his siudy of anodic dissolution of irom in sulphuric scid ami
ferric sulphate solutions. In aﬁ emalysis of the dieaolﬁtion potential,
ho expreseed the dependence of potential on hydrodynamic fmw flow conditions as

B = b 1ogv("’9) + {Constant) eeeeees.. (24)

Where, V = Linear wvelocity
ba = Tated slope
# = Constent

The rotating oylinier method of measurament iz claimed to have the
advantags that all parte of the surface mowe with squal velocity. Also, it
is eupposed to posses the added ndvsntage of a uniférm mass transport rete
over the wbole of its lateral surface. But it has not yot been poaesible to
calculate S ae o function of rotatiomel speed. It also hardly seemes to
repressnt s situation vhich can be found Iunder _ordimry practieal conditions

excepting of course the paddles, stirrers and other kind.

Ricent investigators in the allied fields have been taking into
consideration the importsnce of the gradual formstion of boundary layer on
an electrode. The investigation on fhia line kas been carried cut by Grasmml
et sl (6Y) in scme detall and describes e movel technique for studying such
offests. Wranglen axd Rilsson also took into consideration this factor in
their fheorﬁtical and practical analysis of mass traﬁafor uxxier forced laminar
ard turbulent convectior at horizontal plane plate electrodes. They expressed

thelr results as t
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, | 1/5 |
mMMr = 0.531 .sc/s Riﬁ (2gn)

Mo turbulent = 0017 §.1/5 Re™5 ... (em)
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CHAFTRR . V
PRACTICAL WOREK ON MASS TRANSFER AT ﬂLEGI‘RODIB _

The purpose of this sexperiment vaus to study the mass transfer rate
et vertical ohct@e both in neturel snd foreed coﬁvéction including the
affect of rotational epsed of the electrode on mass transfer. The review of
the literature presented in the imst chapter shows tbat meny authors have
studied the mass tranefer phencmena on an electrode surfade - most common
being thet of surface acting cathodicelly. They have presemted their results
in the form of relationships betwson dimensionless groups., In the preeent
cass similar attempte were made with copper sulphate in eunlphuric acid solu-

tion.

Experimental Details

o) Apparatus.

A concentric cyiindricsl cell, 7 in high, made of copper wne
inosrporated aes the mass transfer equipment. The anocde was made of 4 m,
16 BWG pipe ani the cathede of 1 in 16 BWG pipe (i.e. snode wae kept euffi-
ciently pigger than the oathode)s The height of the cell was 7 in. The
anocdic cylinder wms mounted on m grooved acrylic plastic (lucite) shest.
On the top was a similar grooved plastic sheet. The top and hottom sheets
vers made to hold the anode with the help of four long bolts. The cell wes
made water light _with rubbdr geskets placed in the grooves of the bottom
sheet, The cathode was placed centrally through two ball bearings mounted
at the ends of a gland, made of brass, fized centrelly in the top lucite
gheet to fecilitmte frictionlese revolution of the cathode.
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To avoid metel to metal contact of the cathode end ths beering, two PVC
bushes were mounted on the cathede tube by hesating. The bushes were ‘§hen
turned on lathe £o exactly fit ineide the innder face of the bearinga. The
entire cell was then fixed with the help of four bolts on two 2“13"Z¥; nes.
angle fremes mounted ageinst the wase (see fig. 3) with the halp of rawl
bolts to avoid Wibration. dn arrangement was mdg to rotate the catbode by
a fractional L.P. D.lc motor mounted on to the was with the help of special

fittings on tis top of the eell.

Tvwo 12 volts storege batterbes were used to rotate the motor,
The epeed of the motor was controlled by controlling the supply voltage
with the help of a 27 ohm rheostat. Coupling of the moter eni the cahtode

vae made with the help of a sbonite red to avold short clircuiting.

* Two holes were drilled through the glend mnd the top of lunite sheet
to earryout deseration before stsrting the expariﬁen';. Another hole was mde
in the b_ott_em' gheet to vhich one erd of & transperemt PVC pipe was inserted
tightly (woter tight)s The other emd of the PVC pipe wes donnected with the
bottom end ¢f u stoppsred fumnel put on a stand into which the ‘refcroncé

els ctrode war used.

The slctoede length was maintained at O,ﬁ_ﬂ:cm. The incide of the
cethode was plugged with the help of s ebonite piece. The reet of the eahecde

length wae protectsd by s heavy pelysteryne coeting. fx

One & volt storage battery wes used to supply curremt to the coll
through a ssries cf variesble resietances. milliasmater ani millivolimeter

were used to measure milliemperes and miliivelts respectively.
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Mi11ivolts were mecsured against m stanierd calomel slectrode inserted in the

:s0lvutien.
b) Experinents.

At the bogianing of oech run the anodo end the cabhode were ebraded
with. fine emory papor and thin degreased with scetene. Polysterine conting on
the cathede was rsnewed as and when required. The cell wes then remssembled
and placed in prosition snd £illed in with fresghly prepared copper sulphate
am sulphuric acid #olution of predetermined strength up to the reghired
level at about 2@’c. Hitrogen gas was thon paased into the aolutio_n for
50 minmutesa to remeve any diesclved oxygen in the svlution. Presence of a
conglderable amount of digsolved oxygen in the cell would heve interferred

vith els etrode reactions.

Value of tho eloctrode potential with'no curremt{ flow (2CP) wes
moeasured with the reference. These wers latter subtracted (with proi:or sign)
from the 'at currest valuss'. Thus any static potential differences due to
variations in surface structure of the electrodos could be socccunted for.

A relatively small curront wns epplied and the potentisl of the electrode
was recorded by 2 millivoltmeter affect the steady state was achieved.
ourrent was increseed in emall incraments until the liminting current noted
by e sudden rise in potentinl wes attsined (in this axperiment this could

not be achieved clearly).

The experiment was carriedout at stagnent condition and at the
different spesds with 0,1 mole copper sulphate in 1 mole sulphuric secid solt'i‘-l\
tion. Wikh 0.2 mole copper sulphate in 1 mole sulphuric acid solution ome
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' run vae carrfedout at stegnent condition (limitipg currsnt could not be
obtained at all.

Lmeyn
Hegults and Discussions

Curremt densities were plotted against the sleotrode potemtin 1.
The curvee ohtained were not at nll setisfactory. Limiting curremts could
rot be obteined distinetly. But the effact of mass transfer on rotational
speed was to some extenmt clemr (#ee graph No. %) that iec the higher the

rotational opeed the grester the ocurremt is mese trensfer.

With 0.2 mole copper sulphate and mm 1 mole sulphuric acid solution
at stagnent comdition no trace of limiting curremt could be cbtained emd ae

such the sxperiment wes not carriedout with rotating electrode (see greph N&.2)

Onee at stagnet condition, with O.1 mole copper sulphate amd 1N sulphurie
acid solution liniting cu.rrent wes obtained very distinctly (graph He. 8).
But after dim.ntolling the cell a larga portion of polystorine conting st the
bottom of the olectrode (cathodo) vas found:broken which might have happened
et the tine of assembling the cell. The protective coating was reapplied
on the dsmaged portion and the ssme experiment wes repested when no distinet
liniting current wae obtsined (greph ~ 8). ‘

While investipating the renson for not getting the limiting currenmt,
it wae found that instead of measuring the electeode potentisl, 1R drop
aceross the cell was being messured hecause the vhole cathode wes made of

conducting materinl (copper) and the polysterine coating on it waw acting as



resistance the elsctrode area considered for rezetlen was very small (0.2 cm)
in comparison to the whole c¢athode erea. This was the reason to get limiting

current vhen e large portion of the polysterine coatlng wen Broken.

‘However, it must be mentioned here that the IR drop accross the
solution was very insignifiocatnt ee compared te theat accroea the thin
polystyrene coating { en insulating material ). Ae such in all the potential

reading an error had erept in.

Due o the ressons muntioned above expected results could not be
obteined. Sine lirfting ourrent ls directly proportional to mass transfer

coefficient (equation 8}, manrs transfer correlations could pot be eetablished.

Due to the shortage of time the experiment had to be postponed

et this stage.

Supgestions for future work.

. From the discupeion it han hesn made clesr thet the cathode’ {rotor)
\‘\.._.'.,_H : ‘
thonld not be made of condt‘i‘t}tipg.matgial‘to'avoid the situstion the author
faced. And es such it is felt that the cathode {rotor) should be mede of am
insulating material viz. ebruite, PVC. On the lower past of the insulating
rod a detachable ecopper ring has to he mounted vhich will ect az cathode.
Special arrangment 1s to be made for meking slectrical connection with the

said eathode ring.

The effect of mass transfer on electrode lengih may be studied

by varying the weidth of the detachebls copper Ting.
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With the same imstallation with little modificetion the 6ffect of
maes transfer on,'d_ylier {anode) diemetar mey mlso be studied as doﬁe by

Eisenberg, 1, et, 2i, (45) on a different sy st.exm.
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SOLUTION MO, 1.
0
C.1 Mele Cule,, ug in 1N R L
Ares of the Cathods *= 1,81 uz
v & ¥iii- Wl :2 Cerrected Milli- Nill1 ma, Cerreoted
(xv). _isos Yolts RY; Anps  velts  on s
Modim .o 0,085 7 0.0158 115 985 20 0.5108 79
RPH 0.080 5B 0.0278 114 09850 <19.5 O.6244 o785
{17volts) 0.078 o856 00414 114 0eST5 17,86 O0.5882 <78.5
0.100 -85 0.0852 114 16000  @18s5 O0u5520 ~7Be§
0.128§ ol 0.,0890 <115.5 1,028 16,0 O.5658 75.0
0.180 o$5 0828 o112 1,080 <15.0 O.87T98 <74.0
17§ o2 0.0088 111 1,076  ol4.5 O0.5884 .75.§
0, 200 81,6 01104 110.5 1,100 <13 0.8072 T2
0.225 50,0 01242 109 1,185 12  0.8210 -Ti
0,280 od.5 0.1500 1085 1.150 <11  0.8548 .T0
0.275 48 0.1518 <107 1,175 <10  0.8408 -85
00800 47 0.1656 108 1,200 28,9 0.8824 +68.9
0. 528 48 Os17804 105 1,800 o8 0. 8280 62
0. 360 T 0.1962 <104 1.525 0 0.8418 .§9
0,575 -48 0.2070 102 1,600 4§ 0B85 .54
0. 400 42 0.2218 <101 1.800 49 0.995 .50
0. 425 «40 Ce2848 <99 1,900 +14 1.06 45
0, 480 o80.5 O.2404 o968, 2,000 %25 1.105 <54
0. 475 58 0.2622 98 2,300 55 1,27 .24
0. 500 -39 0.2760 88 2,400 +0 1.825 .19
0. 525 =576 O.2800 o96.5 R2.500 +46 1,880 .15
0. 550 58 0.5088 <94 2.600 +47 1,435 .12
0. 575 354 03174 o558 2,700 +51 1,490 o8
0.600 o352 05512 81
0. 625 -30 G850 .89
0, 850 o29.9 0.3588 88,9
0.875 29 0.5728 .88
0. 700 28 0.5084 .87
0. 726 27,5 0,400 <86.5
O 750 28 0. 4160 .08
0.7 25 0. 4278 .84
0. 800 o248 0.4428 <85.5
0. 825 -25 0.4554 -8
0. 880 22 0. 4892 o81
0. 878 -21 0.4680 80
0900 20 0. 6078 79



SOLURION HO, §,

o e wm w oo

bov 69 @0 -55 0. 856 o112

(18volts) .20 50 . C.ill -108
.50 45 0.166 <104
0.40 «40 0.221 -89
0.50 88 0.876 -85
0.60 52 0.351 81
0,70 =50 0.388 -£9
0, 80 «26 G442 «87
0,80 - 25 0. 497 -B4
1.00 «25 0. 555 -£2
1.10 =21 0. 607 -80
1.80 «20 0. 688 79
1,50 -19 0.718 78
1.40 «18 0. 774 77
1,80 14 e 850 78
1.60 -10 0. 888 -89
1.70 .1 0. 940 =60
1.90 +5 1.08 54
2,10 10 1.16 -49
£.20 14 1.218 oé5
2.40 21 1,825 -88
2.50 &5 1.56 ... ]



SOLUTION MO. 1,

o 26 Wii-  Wan Es  Corrected
(M0 _Amps . Volts e Y

Bigh o0  0o10 50 0.0565 -110

(24volts) 0.20 «42 0.1110 =102
0,30 -58 0.168 <S8
0.40 =55 0,821 05
0. 50 «51 Q278 81

.60 50 0. 881 -90
0. 70 =5 0,566 <85

0. €0 -22 C.442 B2
0.00 «20 0,497 80
1.00 «18 0.556 78
1.10 -18 0,807 75
1.20 .12 0,663 TR
1.30 «10 0,718 70
1.40 -7 0.778 <67
1,50 ot 0.650 o648
1660  olef 0B85  <6l.5
1.70 £0 088  «60
1,80 +§  0.995 o5 °
2.00 9 1,105 o6t
2.10 11 1.18 49
2,20 15 1,818 4§
2,50 20 1,27 40
- 2.40 25 1.525 85
| 2.50 50 188 .50
- 2.60 85 1,485  «28
2.70 a 1,49 18
2,80 50 1.545 00
2.90 58 1.60 o7
5.0 85 1.68 -5
£.10 &0 .75 -0
530 86 1,682 +6§
€0 1.88 o

540
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SOLUTION 80. 1

REM

ZCP

M- ‘ Corrected
(MV) __ &mps Volte % MY
Stegaent _..  O.0RE 61 C.0138 . 106
Solution 0. 650 o506 00276  o105.5
(broken ‘ .
Polyete- 0,075 -50.0 0.0414 105
g&:mg) 0100  «50.0 0.0682 =105
0,128- - 50,0 0,080 105 .
0150 «50,0 . 0.0828  -105
0,175 -50.0  0.,0986 105
0:200 o600  0.1104 <105
0.225.  «48.9° 0.1242 <104,
0,260  =48.3 ° (u1580 <1048
0.276 =48 .  0.1478 104
© 0,500 48 01616  «108
0u 325, 48 0.1764  -1GB
0.850 «48 . 0.1882 108
0,876 o875  0.2020  <1C2.B
0,400 47,6 OC.2168  -102.5
0.426  -47.5 0.2808  o102.5
' 0.450 -47 0.244¢ 102
0. 475 47 0.2862 L1G2
0. 500 w485  0.2720  «101.§
0. 526 o86i6  0.2658 10145
0,560 od5  0.2096 100
0.575 +40-  0.5154 .15
0.600 “ 0.8272 10
04626 20 0.8410 <88
0. 650 25 0.B548 85
0. 675 20 0.8886 30
0. 700
0. 760 20 0.4100 86
0a 77 10 0.4218 <45



SOLUTIOR NO. 1,

M LGP Miili- Wil FL Gorrected
(my) prps. _ Volte > 014
Stagnent o 0.080 o886  0.0278. .88
Solution 0,100 50 0 0685 ' 8
(s.ftil‘ (] L ] -
:hspa;ﬁng 459 | m -25 Q. 0851 -77
) ¥ O ‘ ‘
terine o.goo -20 Cu111 -T2
Comting) 0.250 .15 0.138 . <67
' 0200 10  0s166 ° 62
GB350 b 0.,1088 =56
0,400 +10  0.281 ol®
0.450 20 00,2488 52
0.500 %0 0.276 w22
0.550 %9 D, 504 «18
G.GQO' ‘5 B-Ml d?
0%.650 48 0, 869 -4
0,700 50 0. 368 -2
0e7E0  50s6 0udlS  oloB
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SOLUTION RO, 2,

C.1 Hole Cudo,, %ﬂ inl &10' Hl?‘

o I
Stagn- o, O-025 <58  0.0138 o118 0.875 80 0.4750 80
c‘::u.. 0s050 =57  C.0276 117 0.900 40 0.4826 =20
tion 0.076 o868  0.0414 -116 GS50 €0 o.5204 ©

0,100 56  0.0552 115 0.276 189  O.5542 +78

G125 <54  0.0890 114 1.000 148  0.5480 68

G150 .58  0,0826 118 1.026 141 0.B618 81

0e176  <51.5 0.0088 «l11.5 1,050 140  C.5756 80

0,800 50  0.1104 110 1.07 140  0.5694 89

0.225 48  0,1242 108 1.100 189  0.6082 79

0250 <45  Q.1500 o105

DRT5 o5  Gul478 o102.5

08500 B8  0.1616 .98

OS5 <35  O.1764 <9

GBS0 <52 0,180 -2

CuB75 28,5 C.2050 88,5

0,400 <27  O.21€8 .80

0426 =35  0.2%06 485

CudB0  «25.5 (.2444 oB85.§

0675 22  0.2862 82

0622  &21  0.2720 81

0o525 =20  0.2858 <80

0,856 16  0.2008 -78

0.876  <15.6 O.B1%4 -T5sB

Ce800 14  0.8272 T4

0,625 12  C.3410 .72

0.€50 10  0,8548 .70

0.675 R 0.3688 65

0,700 B 0.8824 <85

QTRE  of 0.5962 <62

0.760 +8 0.4100 57

075 7 0.4258 5B

0,800 17  0.4876 48

0850 22 0,485 88
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SOLUTTON ¥O B,

0.2 Mole Ou Soq, 82,0 in 1K Hy Sog

e LT TN e Gemes pi- YO o
Stag- 0.G85 -85  0.0188 127 0.850 oAl 0, 4652 -105
Gony %% o050 e o.c278 127 Q875 <40  0.4780 104
tion 0076 .62  C.6414 126 Q.80 40  0.4978 104
0.100 -62  0.0852 -126 0.225 88  0.5068 -102
C.125 <81  0.0890 .12§ .90 38 0,5204 -102
0.180 <81  0.0828 -125 G575 87 G582 101
0176 <61  0.0886 125 1.000 <38  O0.5480 <100
0200 <80  0.1104 -12¢ 1.025 -3  0.5618 100
0226 <60  O.1242 124 1.000 -35  O.5758 .99
0,280 <59  0.1840 128 1075 -85  O.5994 09
0.276 <60  0.1478 128 1100 -84  0.6082 .98
0.800 .88  O.1686 122 1126 -4 O.&170 -98
0.525 88 0174 122 1160 -85 0.6808 97
.50 87  O.1882 121 1175 <55 0.6448 -97
0.575 <56 0.2650 120 1200 <52 0.6584 98
0,400 <58  0.2168 120 1.285 -52  O.6722 96
0425 .55 0.2808 119 1.280 81  0.6860 -95
0480 -85 O.2446 119 1275 -81  0.6998 95
475 . 54  O.2882 -118 1500 -50  0.T1B6 94
0.500 <54  0.3720 118 LS -0 C.TRT4 -4
O.525 «65  0.2858 <117 1550 30 G742 %4
0560 B2 0,2088 -116 1.575 -850  O.7580 94
0.575 <52 OuB154 .116 1.5 -20.56 0.7828 .95.5
G600 81  0.8272 118 1.450  -20.5 0.7864 -©5.8
0,625 51  0.3410 11§ 1475 .20 0.8102 .95
0.850 49  0.3548 .118 1500 <20 0.6240 98
0.676 48 0,868 112 1.600  <26.5 0.8842 .90.5
0700 <47  0.382¢ o111 1,650 25  O.0118 -89
0725 <45  0.8062 109 1700 <25 C.8594 -89
0.750 44  0.,4100 -108 1760 <245 0.0670 -66.8
0.775 .48  0.4288 107 1.800 24 09946 .68
0800 o2  0.4576 <108 1850 <28 1,022 87
0825 &2 0.4514 106 1,900 <22 1.0408 .86

Contd.



SOLUTION HO. & (Comtd)

rms op jel- UHE W, Cormetes TN TN o
1,050 «R20u56 1.0774 84S 8.750 Tl.6 2.0710 7.5
2.000 20 1,1050 <84,0 8.600 7.5 2,0088 8.5
2,050 - 17 1,1826 -61.0 2,850 740  2.1262 10.0
2.100 =15 1.1602 «78.0 £.9800 76.5 2.1588 11.56
2.160 -18 1.1878 -78.0 5.850 77,5  2.1814 18.§
2,200 . ~12.5 1,2164 &76.6 4000 78.0  2.2090 16.0
2,260 <105 1.24%0 <746 4,050 78,56 2.2866 15.5
2,800 B0 1,808 .72 4100 80 2.2642 16
2,550 6.0  1,2082 &70 4,180 €0 2.2018 16
2.400 b 1.5258 <68 4200 61 2.510¢ 17
2,450 o1 1.3584 -85 4,250 @1 2.3470 17
2,500 42 1.5510 <62 4,500 80 2.5746 16
2,660 5.6  1.4088 <E8.5 &850 80 2.4082° 16
2,600 9 1.4562 <55 4400 80 2.4208 1@
2.850 12 1,4638 <52 4.450 80 2.4574 16
2.700 15 1.4914 o490 4.800 80 2,4850 16
2,760 20 .. 1.5190 o4 4850 80 2.5126 16
2,800~ 28 71 15468 odl &600 80 2.5402 16
2.900 50  1,6018 <54
2.850 88 1,6294 o851
5,000 56 1.6570 28
5.050 40 1.6648 <24
5.100 42,8 1.7122 21.6
5180 48 1.7508 .18
8200 B0 1.7674 -14
Be260 51,5  1.7950 -12.5
5.800 56 1.6226 -9
B.850 &7 1.8520 o7
8.400 60 1.8774 -4
3.450 68 1.0054 -1
8,500 65 1,0530 +1
8550 67 1.9608 8
5.600 69 1.8882 &

86650 70 2.0158 6
B.700 70.5 2.0484 6.5
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;
{
2. 0 . ; _ -
]
* |
| | |
2.5 ! I } S ]_,_ R :
5
|
~ : : .
=20 -+ S U E S - — e e .
= l -
’ )
>.
- i .
= ]
2 %
i°5 S I SN R S S B P L
i a T . o
r : . g
z :
= ! .
& . t
=
o - i
- l 'D .;___ = ot e Yt S e V r. - —are—— A — i —  ——— e -
N
| ; i ;
i A ;
JRUEUINI Y5 W ISP PR L ; e e e e e e —_— e Ee b
} H i b
: o | !
ceel ! i
- F 3-
- !=_
o0 e —— _
-135 -120 -105 -8 C -75 -60 -45 =30 -5 Q \5
MILLIVOLTS ———
GHAPH NO' 2
e e« e e — - R e B e e v = e e e i = PR .




	00000001
	00000002
	00000003
	00000004
	00000005
	00000006
	00000007
	00000008
	00000009
	00000010
	00000011
	00000012
	00000013
	00000014
	00000015
	00000016
	00000017
	00000018
	00000019
	00000020
	00000021
	00000022
	00000023
	00000024
	00000025
	00000026
	00000027
	00000028
	00000029
	00000030
	00000031
	00000032
	00000033
	00000034
	00000035
	00000036
	00000037
	00000038
	00000039
	00000040
	00000041
	00000042
	00000043
	00000044
	00000045
	00000046
	00000047
	00000048
	00000049
	00000050
	00000051
	00000052
	00000053
	00000054
	00000055
	00000056
	00000057
	00000058

