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ABS'fRAOT

Tho theoretical uptl!lteat' the phenoJlenon flit' EleotroChemical

MallS 'l'rsnefer have been expWned nfter the introduction .1' the princ1pllllll

of !'lasa Transfer aDd concopt gf Nel"!let I s dit'fl.1J!ion lllyer. 'i'he reletion

betwoen tho .layer IlnillllUIS transfer co_efficient is (lrul.1yslld along with that

of between the ~tter and the current plIssingduring the electroderea!ltion.
then .

It ieLahownthat applicnt.ion of dimons10n1eseanalysie makes it pllssible te

predict 1lla88 transfer behaviour from analogue6 b.te frQl!l Gther tran6port

A revie;r er experi.ental1lXll: ~rk Btl rar done by ether workers in

the field of the effect of electrede reactions ie preeented.

Some practical work done with II visw to study the eh!ltrchl!l!lical

mallB trs,t1efer at cylindrical rotatingehctrodoa in ,natural alld forced

convectiQn process have been presented.

The liJrltaticne 01' the experilllental filet up UBIld a.Ttl IUlIllyseC. and.
.. .

suggestions. for future 'WOrkusing lUI illlProved technique hall been discussed.
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IBTRODUCTIOB

Stuiy .t.•au transt.r at w•. ldng .lectrei •• 18 .t fuM••• ntal

iap.rtanc •• (1,2) in ••. ly81. ot oloct.o phon.ana and in cen81dorationot

c.nc.ntration p.larisation, liJdting current., alii rate. ot electroi. r.action ••

Sev.ral typical c•••• h•.•• b.en awyeN by the lI.th••.• ot hydreciynudc.lUlli

boU1l4arylayer th••ry, and t.r a fewmodel., exp.ra.nt.al result. w.r•• uc4•••••

tully c.rr.lilt.d (1,2). '!'he.ttect .f natural c.DY.ctionin .lectrolysis w••

qnantitati .•••ly naluat. byW.gn.r (5) andWilk. and c.w.rker. (4) •• ong

oth.ra. Rotating Disc el.ated •• w.re tr.atH •• th••. tical1y by Levich (5).

'l'hie th.ory appli•• it tho tiftu.ion bew:lUrylayer at the elhc 18 lobar.

Alongtho lin.s auggeetlldby Agar(6). Lin and cow.rkers (7) cerrel.t.

liJdting curront ian.iti •• ter the inn.r .lectrod •• r an annual coll v.l.th

IItr8Ullin. and turbulent l.ng! tuMnal n.w. Anexten.ion .t thh duty t.r

loinar anti turbul.nt tlew along flat plat •• 1.ctred.OlIv•.• rep.rted. (a).

\ih.n a •• tal h ••p•• it ••• n a cath••• , the concentration .t

cation. in the _luti.n a4jac.nt t. the el.ctret ••• cr....... B.caua. or the

•• fic1t .r cation. at the cath••• , cation. tittu •• t.wari. this electret ••

Thullther. r.sult. er .ap.rp.a1tion ot Iligration or cation. tu. t. the appli"

.lectric fi.l. ani iittulllon due te the c.nc.ntration gradient. The1l.1ution

b.ing at relit, the current "'naity beiDi ginn, and the an04. b.ing autfi.

c1.ntly r•• te, H.l. W.b.r (9), S.R.Milner (10), aDi .there han mown

b.th th•• r.tically an4 up.riaentally that the cation. concentration at the

oath••• t.cr ••.•o. aa a linoar function ot tho aquaroroot ot the tia •• Whon

the ~c.ntration ot tho cationa at the cathoi. approachoaZoro, a nn



catho41cproc•.., "arh, Wich in _. inatllDc., 18 the .ftlution ot

hydrogen.Thedrop of the cation cODCOntrationt. s.n 18 t. b•• xpected.at

rath.r lIod.rat. curr.nt 4onntio •••••.•ral mnut.s aft.r the 1foginning.t

.l.ctrolYllia. Actuallymuchgr.at.r current 4.n.iti •• than calculated. ean

bo appl184in the caeo of f.rtical .1octrod.Ollbocaus. CODTllctiontak•• plaoe

ard thus tller.uos tho '41ffueion path I whichhas boonoelculat.4 froll

st.ture.tioncurr.nts by ••.ad.u. authors i.o. R••• Wnson.114M.A.Y.utz(l1)

and S. Gla••ton. (12).

Th. pr•••nt in••.•etiption is c.ncerned with cyl1ll4rlca1o.ntral

.lectr •••• rotating in c.nc.ntric cylln4rical c.ll.

Rec.ntly, retatW olectr04. eurfac•• ha••.•b.en tt •••• in cheaical

amlyei. and in corroeion lJt,ujieoin parall.l with polar.graphic lIethO"

(1S,a). InduBtrical application•• f thia f.rcN cen••.•otion are know and

furth.r imp.rtant us.s sro anticipated.

Thoo!toct .f opoedof retation uponrats ot IIU' transt.r .s

t1r at etudie4 13'/ Brunner, (15,lS). Hofoundthat tho 4iftuslon lay.r thick-

n.ss, ~ decrllllllOllwith the 2/S powerot the sp.e4. H.ve••.•r. b. consi4.red

n.ith.r th" .!r.ot ot rotorl 41aII.t.r nor the 4.pencl'DC'ot phyelcal

prop.rties ot the .l.ctrel,to. Th.r.ton, .nly qualitaU ••.•conclu.ion.

can b. draw fl"Cllltho.. .xperiII.ntal uta.

OJ
mucken(1'T) analy.ed the otrect~lam1narflow torced con••.•otion upon

rat •• f maestranstor at an .leotroli •• In his e:lp.riII.ntll tho .xt.rnal ••.••••1

c.ntaining the ••1ut1enVal rotatN, an4 laminar flowpa•• the fixe4 inn.r

flat plato .11lCtr04.rlllUltell. Suckel'1'SlIath_tical analy.18 18 Tali4 .nly

t.r thh partlcWar conditioD. 1taJlbaraand eow.rkora(18)auptod Buck.nl•
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treatlleut toa 0.5 _ cUeIleterplatinUIRwire electrilie prejecting PIIrpen.

cUeularly 6 11m frOlllthe cd.x af a rotating glasl!Ird. In the iilerivation, it

is aseumedthat the ",elocity gradieutatthe electl'OlleiNrtace is proportieJl&1

to rpm.Thie is valic:lfer Buckentemodelllhere laIDinarflow exiate in the

tlitere region offl.w, but is inaamenble'for the turbulent new eaee,

mere lemi.narflow is reetrictet to the boUl'ldarylayer adjacent to the

electrode surface.

For the Ilelteet clarity, the tel'll "rotating elect rete" 111 ue"

henceforth only in roference te cyliJllirical electrlKiee. Recently, Reald and

Beck (19) used web rete.tillg electrodee in al!ltudy ot tieselutien rates 8t

magnesiumand its alloys in hydrochloric acid I!IlIlutions.TheyfeWldthat

the rates ef tiulIlution lncreaee in lew Mia concentratione with the

0.71 powerof the speed81' rotation. At higher acid concentrations (1.4 M

and higher), the reaction ratell bec.e entirely inclepeDientof rotational

epeeds, a8 the stirring etfect producedby hydrogenbubblee nolnll« at the

metal interface becOlllespredOlllinent.This etirring effect, how_er. ehouli

not be ignored 8venat low ao1clconcentration because .t turbulence Causd

by hydrogenbubbles movingin the boUndarylayer adjacent to the 41sllOlving

.agnesium rOQ.Fer this reason the workof Roald and Beckrepresents •.

rather special caee of foroH oen",ectlonmaeGJll transfer.

In l!Itudiesot i1lsolution aII4corrosion rateeef retateli metal

rods king and coverkcrll (20,21,22, 25) estilnatet the .us transfer coeffi-

cients employingling arid Shack'e earlier experi.ental finding (24)

according to vbieb ttnoJ'lllaIdiffusion- (or transport) control requires

that rates be linear with peripherial epeedabout 5000CIIjllin (215). King



<

.d/l. Ce.th.art (iii) ind1oB.tedthat the. masa transter coefficient 1s directly

pnporyio1'll11to the 0.70 pewerot the diftullion. ooef£icientof the "'aotiDg

Ionio species.

The effect of oylind\'lr cl1ameter, speed of rotation, ditfueioD

CllIetricientalld vieooeity onmallS tranllfer rQtes haa :lot been successtll11y

incorporated into a sil'gle correlation, althougbOhl1ton-Colburn aaalogy

tf1r correlating the perthnent variables ~lnerealized by Kind oni ooworkers

in 1937(26).

The prssentwork was tnldertnkenwith the fallowing aims in llillll:

(a) to ostabliBh corr.lations betweenphysical propert1eeot 8. 81stem.

geaet:t16al and h14rodyJlaIlliccoDliitions, eM ratell at which a solute (ion)

ill transferred to or frllllle. electro •• , both stationary and rotating,

(b) to determine whetbersuch gonerlll mass traneter correlations enable

predictiouof ooncentration polarization aM lim1tlngcurnnte in ateaiy

state electnlyllia.
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MASS TRANSFER IN CONCENTRATION POLARIZATION

Anyelectrode reactions proceeding ata finite rate involves

movementof the solution between the bulk of the liquid phase and the

ele ctrode solution interface. W,s6olved reactants must be supplied tlil the

interface or products must be removed. In the Il.bsenc,eof fluid turbulence

ions are transferred from solution to an electrode by three principle meche-

niams.

i) By Diffusi on.

ii) By Convection (i. e. movementof lfcluid containing the ione)

iii) By ionic migration.

Migration end convection cannot account for the whole of material requirsd

or produced by the reaction end the ~ooperation of diffusion is always nece-

ssary; the concentration at interface must therefore differ from those in

the bulk of the 'Solution. Suchdifferences in ionic concentrations are the

cause of concentration overpotential or polarization end limiting currents

and play an important role in the kinetics of electrode reactions (27).

For a given species the rate of transfer in the y direction per

unit are" of the electrode (metal) surface perpendicular to y at any point

in theenviromnent (fluid) maybe expreesed by the equation:

, 2
WhereNt "" total rate of transfer in r gramions/em -Sec,

- - - (1)

C"" Concentration

of given species gill ions/emS, ''''' mobility, em2/Secvolt, cp "" potential
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in volts, y = distance in direction of transfer, em, D= diffusion coeffi-

cient, cm2/sec, V" velicity of bulk fluid motion in direction of transfer,

cm/sec. Thetllree term on the rijjht of the equation (1) represent respectively

the contribution of migrs.t1on, diffusion and convection.

For steady state process it is possible to define the migration

term in terms of current per unit area perpendicular to the direction of

transfer (28) as

NM = cU~~ :: ';i
VJhereI\!" rate of migrstion in gm_ions/cm2_sec;'J'a = transport numberfor

the particu1ar species; n = numberof electrons transported during the ionic

reaction; am F= the Faraday's constant. In the prosence of sufficient amount

of inert electrolyte the transference or transport numberof the speciss

concerned may be taken as negligible, making the migration term unnecessary(2).

By excluding the effects of migre.tion one is left \/ith the combined

effects of diffusion, eddy diffusion and convection. Transport of ions or

molecules by these means'sre termed as "MassTransfer". The mass transfer

process is knowns.s "forced convection" whenthe system is externally agitated

by mechanicsl means such as stirring or pumping. It is termed "free or nat.ural

convection" wen mixing takes p1s.ce due to density differences accompanying

concentration differences from point to point within the fluid. A steady

state process referred to earlier, implies that the transfer rates, current

density, concentration, temperature and other variables associa,ted with

operation of the elsctrolytic cell ere independent of time at any part.icu1s.r

point in the system.



The different llR.setransfer mechenimnetake part to e varying

degroe as ionnmove from the .electrode eolution interface to the bulk of the

solution, with the nature of the process at any dietance from the metU

electrode deponding on solution motion, .she.peanti position of the cell

comprising cathodic and anodic areas on the metal surfe.ce,end other potential

variables. As Ii result of the participation of diffusion in trensfer process

the movementof ione towards or away from the electrode result'll in a decreasing

concentration of the species in the direction of transfer, thereby producing

8 concentretion gradient. It is stated that this concentration gradient

provides the driving force for mElBStranefer to tske placs.

Ths overall mess transfer process is SOl!\etirnesexpressed with the

help of eqm.tions of a simple empirical form which relate the mass transfer

rate to the concentration gradient ( the difference between the bulk concen-

tration of ihs ions B.nd the. concentration at the electrode solution inter_

face). Thus the rate of transfer is expressed by ooefficient KJ. defined as'

where Nd..,mess transfer rate st any pirticular point on the electrode,
2 .

gm-ions/em.sec; KL'" mass transfer coefficient, em/sec; Db'" bulk

concentration f)ll ions/emil and Ci .., interface concentration.
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Nernst Layer.

Nernst postulated a stationary layer of liquid in contact with the

e1ectrode;lIithin the layer only diffusion .is operative, while outside this

layer thil concentration is maintained at a constant value by convection,

diffusion being negligible (SO). The implications of the assumption madeby

(2) That in a well stirred system the concentration gradient is

him maybe stated in modern terms as follows:

(1) That the chemical processes at the surface

muehfaster tha'h XkJIone of the two transfer processes,

always procees vaxt\
\
\.

\
\,

confined to a thin 1eyer of solution adhering to the solid surface,

(3) That within this layer the concentration varies linearly with

distance, measured normal to the surface, and

(4) That the thickness of this layer, whilst being a function of

the rete of stirring am of the geometry of the system io independent of the

coefficient of diffueion of the ions or solute, of the viscosity of the

electrolyte, and of the tEllllpereture. Noneof these llssumptions llre entirely

correct (29).

It has been stated by several authors (30,51,52) that there are

certain chemical reactions where kinetics are controlled by factors other

tha.n that of transport. The assumption that the diffusion layer is stationary

with respect to the surface is not true. The euggested values of ~ , the

diffusion are of the order of O.OSmmwhich corresponds to le.yers of

"50,000molecules thick _ rsther an improbably high figure. It has also

" .been experimentally observed that fluid motion does exist even downto vert

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

(
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concentration is s linee.r function of the distance '1 (measured nonnal

does depend upon D which means

to the surfsce) over the range ot.-Y.c....b,
- ~ ~

finally experiments have shown-that ~

.
is on1¥an approximation. And,

viscosity and temperature are e~so determining factors.

According to the Hemet theory (55), ths rate at \/hieb a solution

passe15through the diffusion layer is

••••••• (4)

Whers,

D = Diffusion coefficisnt,

%,Ci = Bulk.and electrode concentrations,

~ = Thickness of the diffusion layer.

Provided the transference n1llllberTe ill independent of concentration,

lid is given by :

Nd =
I (i_Te)
AoF •••••••• (5)

WhereI = The total current,

A= the electrode area,

F = the Faraday t s conetl'lnt,

n = the no. of FaredaYll required per mole reacting.

and Ts = the transport number of the reacting ion.

The diffusion layer;; in equation (4) has also been termed the

equivalent film thickness. This concept expresses the IIWSS transfer process

by the rate equation for steady state diffueion from Cb to Ci ovsr a
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hypOth~tioal layer of stagnant fluid thickness ~ • The diffusional teEm

of equaticn (1) i.e. Fickle firet la1o/is integrated to provide equation (4).

Although the ""pothuiB of a l!tagnent layer put forwrd by Bernet has baen

proved to be wrong, the true ooncentration profile in the vioinity of the

electrode can be represented by an equivalent ooncentration profile as

jilt represented in Fg. 1[2;'.

In presenoe of sufficient amount of inert tlflctrlyte Ta in equation

may be neglected. In such Ii oase :

IiT== D( ot> - Ct )

?; ............

under limiting ourrent conditione wen 0i == 0,

I ==t.
••••••• (7)

It should, however, be mentioned here that tho theoretical maximum

current density cannot be reached in practice because of the development of

eleCtrode polarization associated 10Iithdepletion of the reacting ions in the

region of til e electrode. This polarization is approximately equal to the

emf of a concentration cell formed betwsen t1olOsolutions contll.ining the reacting

ions ae concentrations I1J nnd 0i'

From equation (7) it is apparent that 12-may be inoreased by decreasing

S am this 10Iill subsequently increase the overall lIlase transfer rete.

This can be done, se 1oIi11be seen in the next chafiter by agitating the

electrolyte. Whenthe electrolyte is agitated, mass transfer is said to

take plaoe by forced convection lavs of hydrodYll!llllicsCOlUS into play end
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. etteets the kinetics of the eleetrode reaction. By cOIIIbiningequations (IS)

llIId(5), ul!U!ll1ngthe presence of sufficient alllountot inert electrlyte al3Il

fir unit electrode area, it canbe showthat:

••••••• (8)

''!'hie equation clearly indicates the iepentence of the current in

aDe:Dctrolyte reaction on the uss traneter coefficiellt.
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dALYSIS or HASS TRARSFiR

'Slncellas.transfe" invol.,.ea conoentration changea, a mG'(edetail"

ana1y.1a ofsueh cbaDg8Staking place in a solution SSBIIlSdesirable. fhe rate
, ,

of eo\'\c,a"\"f'Q,-4-lOl\

of change a91~t Sf' is given by the differential equationt'

Wheret is time, D is the diffusion oosffiolent, ani u,v,w, are the x,J,1I

cqponents ot the velocity 'V' at the point x,y,lil. '!'hs first tel'll on the

ril;')lt represents the effect of ~ffue1on, which is assumedto obey Fick's

1e.was In a atatiollary fluid, the seoond tern gives the change in conCeD-

trationdue to convection. '!'he .•.•looit)' oomponentsare determined b)' the

Navier Stokes equations and by the equation of continuity, togather with

appl'Opdate boundary conditions. A brief discuasion is given in olli'r to mow

the tactore on whiohmotion depends.

'lbe componenteot velocity u,v and w in a liquid are detem1ned 111

the equation at continuit)' :

•

together with Navier - Stokes equations:

\.
l \

\
\
'\



plying by p the equation (11) hee the ram:

.14.

'and two tlllalogues equations in v ani w. f. P, 0 are respecti~ely the density

totel pressure and knemstic viscocity and X is ~e x componentof the extra-

neous forces acting on unit mass of the liquid. ,The terms on,the left, taken

togethsr, are theeccelaration of a particle of the liquid and after multi-
!

I','
density X acceleration = Preesure gradient + extraneous forces +

viscous forces.

The extraneous forces to bs considered arB gravity and in a liquid of

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

In general the differential equation for changes in concentration can

only be solved far those Cases where the equations for fluid motion can be

reduced to e, simpler form. Solution cell be obtained for certain .systems and

in ons case Levich (5) has given a detailed treatment of mass trensfer under

nonturbulent conditions. His system consisted of a flat disc in an infinite

volume of solution. Under these conditions Levich solved the equation (9)

for nonturbulent conditions. He obtained :

~c: DA. CC.b.C..)
- CZ:>t = V. o'~9~~

Whers V ie the solution volume and ez:, the thickness of ths region adjacent

to the plate over lihich the concentration ciiUeTs significantly from the bulk

concentration. By integrating equation (12) and compairing with equation (4)

the thickness of the fietitous NSl'Dstlayer is given by the expression :

~ = o<t:~~~ -::.\'b\~1)Y?J ~4(i)-~ -~3)

For nonturbulent flow this relationship has been proved to be satisfactory.



-Applioation of Dimension,l Amlys1e to Mass Transfer

The solution of the differential equations 1e a funotion ef the

ooefficients which occur in thGlllaDd the quantities 1Olhiohappear in the boun-

da.ry conditions. Hence the mass transfer rS.te .Ndepende on U, -iJ,D and

<C1l-Ci}; it aleo depends on the distance '1 perpendicular from the electrode

surface and en the Various coordintes which determine the position and size

of tho electrode (including the area A), and of the other bouniery surfsces.

toll these latter quantities can be expressed in terms of somecharacteristic

length (1) (i.e. length of the electrode or the corroding surface), together

with dfuensionless ratios of the type XjI.Thia provlem thus involves six

dimensional quantities, Nd, U, i:J I, D, and (Ob •• ct ).

It is possible to express the r',atios 1::etveenthese six quantities

illl!ta form ,.hich is indepenilent of the units employed, u as a relation between

lilimensionlass groUp. Table - I shows the diluensiens and units of quantities

listed in the previous paragraph I

Table - I

Symbol Quantity Dimensions

N4 MaesTransfer i"ate psr lll"J.t ML-2 '1''' 1
area Unol/cJ. "' Bec.)

C Co.ncentration difference ML",5
S( mole/em )

D CoefficiODt of Diffusion L2 T- 12

2J
( Om /&c. )

L2 T- 1Kinematic Viscosity
(cm2/soc. )

I Characteristic Length L

U Characteristic Vel&city Lor 1

Gravity X density coefficient M_IL~",1
g



Ilbd.catlon et three tun4alaental UDitll M. L &lid f ~.a'8 threa

coDditione, hence 6-15. 151D141PlIJlli.1lt 41aenIl1OJl1e •• quant.lti •• Cldl be ter."

fl'Olll. the nx variable •• They lI&.y beche.ee In 'Varioue \I8.ys. but the folloving

have been lIhQVJIto be aoet (lOJlftllieat :

R8JtlOld'. "ber ,

hBeeltoi L'maber :

Prandtl', bber I

The relation betweenthe six variables clln thUll be reduced to I

'!'he fora of f'lmaUon ep .epend!! upon tbe ~eOlletry of the .pperatua.

)queUon (15) 1ft a modified vereion of the 8q,1llltion aboTe equation l

--- C! s)

con".cticn velocity 17. doee not .pp ••.r. Inetaa4 of quaBtit18. g am 0( have

to be taken into account. 11'OIl the .Ix VlIri.ble13 Na. I. U. D. 4C aDi (~o()

three dimension 1888 qUllDU 1;1e. Cldl be tomet; the Ul!:l1a1choice 10 Hu allll

PI' all in forced cony.ction &10118wi th
\ :, io<. 2:.c...

Graebhott., nw.bor: Gl' •• -i:> 1-

Hence. Nu •••G (Gr. Pr) •••••••••••••••• (16)

It Il\uet 11Jementioned here that Il.nalogues relaUon8hlpe are held

true for the variables etrect.i.ng blilll.t andmCftent1lll trU81'er. Dat. trolII

, analogelle experimentllJ. observation. in aUla. tom of trall,port phencaenoll



is frequently employed for prediction of beh~viour in others (27,29,34).
The physical significance of the dimensionless groups is of interest.

For mass transfer, the .Nusselt's number, (then sometimes teIllled the SheM-lOod

number) represents the ratio of the aetusl rate of mass transfer per unit

The Frandt1 's number (smmetimesin the case of mass transfer the•

area Nd, to rate of mass transfer by diffusion in the stationary fluid
aCij
1

Schimidt number) is the ratio of the i'luid pl10perty governing the transfer

of momentumby viscous forces due to a velocity gredient, to the rInid property

governing mass transfer by mollecular diffusion due to Ii concsntr"tion gradient.

The Reynold's nUlllbermaybe regarded as the ratio of fluid momentumpar unit

area per unit time (p.l), to the viscous drug force per unit, nrea("1LJ/r)

against l.bfuchit is balanced. In the csse of Illovin{';fluid, t.hs importance

of Reynold's nUAbercan be more fully appreciated, as the transition from

non.turbulent or l=iuar flow to turbulent flow conditi ons is govsrned by

its Vtllua.

Someaspects of surfaoes under dynmnic fluid flow conditions,

referred to earlier in the previous paragraph deserves more detailed treatment.

The particles of a real fluid in contact .Iith a boundsry have the seme

velocity as the boundary itaelf. As fot instance, during flow over a. fJat

plate, the fluid adheres to the wan, and friotional foroes ret.l9.rdthe motion

of the fluid 1n e. generally thin layer nes.r the walls. In this layer the

100sl velocity of the fluid increAses from zero at the vslf. to its full

value in the un.disturbed flow 0.11 shownin Fig. 2.

Tho ratio of chc.ngoof velocity at the vicinity of vass follow6 a

defitli te law. The zone near the wlll6t is knownas the boundary layer. The



•

boUJllie.rylayer thickness is coneidered as that distellCe nOJ'llllllto the wan

wherethe local velocity is ~ of the undiat.belt velocity. !'he velocit,.

gradient is vert large near the lola•• and.gives rise to high shearing etrenes.

Howner, 11.8 the local ve1ocitYBPproacheethe undisturbed veloo1ty lI.$yIIlpto-

ticall)' the local l!IbearingfQr'ceebeCOllle_ller !lnd _ller, and eYentually

becQlllezero. As the fluid reaches the upetreS1lledge of the plate, fluid

particles lila"adhsre to the plate. Shearing stresses are developed, ant

throu. the action of ac:aentUIIItranefer moreani more fluid pll.rticleeare

slowedQOlII18Di the boundarylayer is developed. 'l'he f'lowwithin the boundllrJ,

layer at the lellding e4ge 18 laminar. Beyonlilthis the flow becCllllesturbulent

according to Re. In cue of f'lowover a thin flat plate the value of the

ReynoldIe numberat whichthe flow becOlneefurbulent is Il.pproxil'latel,. 51tl0'.

'!he transition froll laIllinarto turbulent flow begins approxillllltelylI.t Raw

W05• Similar f'igures for Xi flow through pipes are roOD and 2100.

For the lSlIlillartype of flow, the velocity cOllIpenentparallel to the

axis, dependsonly on the radial dietence. from the axis. For turbulent flow,

the ve1Glcitycomponentshave to be .regardedall meenvalues teken over II long

interval of time. Their actual '\I!I.luesat any given point flUctuate vith t1ae

owingto the Ilovementof turbulllnt eddies through the fluid body.

The thickness of' the h,.droilynlllll1claminar boundaryleyer in caee

of flow over a thin flat plate is given by tho Blaes1uil equation I

,t(' 5X •••
2::> hydrodynamic - It. •••••••••• (11)

The thiclalilJeBof the turbulent boundarylayer is also given by t!8 Blalliull

equation:



o,sex
(Re) Vs- ••••••• (11.)

(ror X please refer to tig. 2 )

Similar relatio.ns bave been obttdned tor cases wen & disc ill rotatilll

in & fluid of infinite boUIldaries (Of. prsviousdiecueeion on Lsvt'chts

workC9.seof diffusion Inyer ), aId for rIow through pipes (55).

In all C1'\sesof movingfluids ot prll.etice.l interest. the Reynold's

numberis woo greater thaDunity. The flow of fluid &s detailed in the previous

sectione can be divided in to a region of unv1tleousflow eni the boundary

layer_ also calledPrandtl boundar)'layer contlg1ous to the surface of the

solid.

'1'0Ilolve the problemof transport of matter in s, stirred solution

it ia nece"""ry first of all to find the distribution of GODoetration in the

solution.

There i!! yet e.ndtberd.ilnensionlessnUlllberwhich oan be introduced

in the present disoussion. This is t.he Peclet number- (UIjil). It corrssponds

to the R8Jnold's numberfor the flow of liquid, aDdtbe regime ot transport

of matter 1e determinedby the value of the poolet number.If this number

is great comparedto unity, mollleoulardiffusion can bo neglected in cOlllparison

with oonvective transport of matter, if it io IiIIlall, en the ccmtTt:.ry,

lIo1lleulard1fftte1onpredomillate". It migJltbe of interest te note here that

the ratio of the Peelet numberand the Reynold'B numberis the dimens10Jlleee

numbercalled the prandtl number:





In the liquids the Pl'8IIdtlnllDlber18 alvays large in cOlllparedto unity,

whereas in gases it is in the order of UIlity.

Dueto the maallnllllllot the ditflle10n coefficient the Peclet _bel'

is large for the lowellt~uee of the velocity, evenwhenthe correspondiJlg

Be is still _ll comparedwith unity. Molecular diffueion in liquids can,

t.l1erefore, alwaysbe neglected in cotlparisonwith convective trenllport of IIl!1tter.

WhenthePeelet nUlllberis :large convective diffusion cen be treated in a

ae.nnerlI1'l8.10gousto tbat applied in hydrodyne.m.clIto the flow Pllsseda bod,.

"t large Reynold's _her.

Thusat large Pe., as at large Re, the entin liquid cen be divided

into two parts; a region of constant concentration far fromthe surface of

reaction fllld a region of rapid -.ariation of concentration in the l:nmed:l.ate

vicinity of tile IIUl'face.The lone ad3acent to the surface is analogcue to the

hydrodyalllicboundaryleyer referred to earlier. In the latter layer the

viscosity of the liquid hae to be taken into aooount., whereall in the maiD

bulk of the flow it does net OOllleinto play. SWarly in the liquid layer

oontiguousto the surface of the electrode likewise in il. corroding surfaoe,

molecular diffusion must be considered. This layer is Imown as the diffusion

boundarylayer or the maS!! transfer boundarylaye1"(34).

Althoughthe concept Clf a BlUS t.ransfer boundll.rylayer 1ll8.1appear

to be e genere.liSll.tlonof the Nernet's layer, discussed' in chapter II,

there is a fundamentaldifference betweenthe two concepts. This difference

liee in the fact that the velocity of m flow of ths liquid in tile diftaeion

or the lllI1SStransfer boundaryleyer is not necesB8:~ly&qUi1 to zero. The



mass transport ,boundary,l.ay6rh an analogue of thermal boundary layer in

the th~ory o,r traneport of hOat.in 1:i.qulds tl'.lt is several tilnes thinner

than the latter. l.evhh in hle exper1lllente with the rotating diBOll has

allOW that. the l!la8strensler bound!\l'y layer equals the thickness of the ,layer

dragged along on thi region oont1guoueto ttieeurtaoe of tho diso(i.e.

the hydrodynmaic bOundary layer) div1deli by Prandtl mllIlber to the power

1/5 i.e. (Pr)I/3.



CIW'TIR _ IV

PRKVIOUS WORK

latural Convectlon•.

Sign1filWlt vcrk has bien dine b1 .-ploylug the principles of

elutrochaicll1 _1111tl'dllfer. Brunner (16) VI18 thl flr8t llectrooh •• bt to

study 1tvlth an engaeering end Imew. Workhall been doni eaploring the

prlnc1pl•• of hydrodfllQiclIeJldboUJldarylllfir theery an4 for a fev .odele

exper1Jlemelresultll vlre llUooellllfu1lycorrelated (1,2).

!he effect of natural eonnction 1. eleotrolysh vall studied by

Wagner(II) aDIiWilkeaIld coworkers(4) • WagnerMOWedthat at a nrtieal

electrode a veU defined corrective flov due to the generally _Uer denllity

in the boundarylayer and the resulting buo)'UC)'foroe ex1l1ts, aralogoul to

natural connctlon in the CourSIof hlat tranllfer fl'Olla nd1ater to abient

air. '!'heinterplay b8tveen d1ftue1onand conncth'e flov deteraines the

Ulliting ourrellt denllity whichoccure if woh a voltege is appUed that the

concentration of one of the ractantll at the electrode clrop. to zero.

DniatiODs fr<lllthe ",ertical position of the eleotrOile tlpto 15 ".greel

hQ&no noticeable effect. 'rhe increalle of comection .ue to the develoIalnt

of hydrogenwallinnstigated. As long 48 the current flowing accrOlll the

lover .ection _e *' 10 _11 that only copper vae depollited, the current

liendty of the upper aection decreued with increaeing currellt of love

eection. \/henthe current of lover lection exceededthie "f'alue,copper all

vell all hydrogen10nllvere reducedand the currem elondty of the upper

llection rOBlconsiderably. 'rhe ascendinghydrogenbubbles increased the

convection. Yet it ill rearkable that the aecolldinghydrogenbubblell increase



,the l1",iting current iene1ty no aore than by a tactor ot tvo. This obsenatioD

shove that natural convection alone is relati •• lf etfective aDdtorced convec-

tion beoome••ign1ticlllt ollly whenits intensity is fairly great.

Wagner(58) reported that for aU8 treneter ciueto natural eonnctlon

in a lUdnar boundarylayel". the current ienaitf is virtnally constent.

although concentration polarisation at both ths cathode eJIli the anocie

varies frombottom to top. Be fouad that the local l1a1ting current density 1e

propertion'" to the tourth rwt ot the distlllce tro. the leading 84gs ot 'the

e~ctrocle in aocord of the sllPsmental resulte(S,4.57.158). Approxiaate

solutions of the differential equatione tor the concentration and the velocity

tistribution in the bouadary layer have been obtaiJ1lldbJ' using eolutions

tor 'the analogous heat transfer problea (15.4,6,157.58,159,40).

Abreasonend ling (45) while etlldy1ngthe rat. ot dissolution of

iron in acids in 19119.ensl1ete4 the following general criteria of a dif.t'ue1on

controlled reaction rate :

(1) Various sol1de tie ••lve in the sae reagent at the slS1!lerate.

(2) In difterent reagente the rate 1e an exponential function of

the diftgsion coefficient.

(15)the rate increases with stirring lIpeeel.the exact tlmction

djpeDlUngupon the tJ'Pe of stirring.

(ft) Th. rate follows the lltI1Iefunction of viscosity 811 the d1ttusion

eoetticient.



(6) 'th. t.p.ratur. co.fric.int 18 •• n.rally le •• t.ba. 1.5 p.r 10••

In 19621l.144itonlBirCla8hav (46) r.ported that kinetic. of the

cU••• lution of sinc in lII'lueoueioU.' •• lut1o••• In confcrll1ty with the

crit.ria .nlieted abo"., they foUJ14that sinc. copper. aMls-ted copp.r.

bra •• etc. tin.l". in aqueous iodb .••• lution at th. ••• rat. at the ••••

eJIp.riaenta1 coJl41tion••

renew COllUCfiOJl

rat •• of ion. aDdof oth.r r •• ctina 8J.lI ci •• in diffUfton oontroll" .1ectJ'Dd..

r •• ction.. 'th.y •••• ur•• the ttan.t.r rat •• troll a flowing .l.ctrolyt. to the

wrfac. ef an .lectrod •• Th. reaction. etudied were the cathocUc reduction

.f f.rricyD1fi. ion. quinon. aDclexyg.n and tM anoiic oxydation of f.rro-.
cyanid. at •••.ri.u. flew rate •• n. reeul.ta obtain.d w.re in r_rllabl.

agr._nt with the etaDdari Lenqu.'. equation tor .u. tran.ter in the Itr_

111111or lalliuar r.gion and w11h.itton-Colburn'. lIIIp.rica1 relation in the
•turbulent region.

IIb.nb.ra and hb •• eoei.te. (48.49) aleo took recours. to the

ferri-terrocyllD1d. er.t. in their ltu4y of ionie ••.•• tran.fer and cODeentratie.

pelarbation at rotatina .leotrod ••• Th.y aleo atudied. the ••.••• tJ'l1J1llfer

rate of BOlidcylinders ret.ting in .01"••ta. '!'h.y tound th.t a ._ral ••.••

transfer correlation aPPlied equally well to dh.olution rate. of rotating

"lid. and to rate. of iol11c.u tran.ror .t rotatin. olectrodo •• 1'h18

correlation tak •• into acoount pbyl1lta1 properti •• of th. ey.t. a. w.ll

•.•• oo.otrio .Jld hydrodynallic factors.



'lbe correlation allowe precl1otion of 11mit1'1Igcurrents and concentretion

polarization at rotating electrode under a ll1de range ot conditions. The
, •• 15 .

nature of polarisation invo1'll'edin reduction of F.(Cli!)6 ani liIxidation .t

'e (ClOt vu also inTestigated. Polarization va. toUJld~ depellli Btrongly

on presenOllot electrode positions. With freshly prepared solutions, under

exclusion of light, and with oathoci1cally treated nickel electrodes, relatively

_11 chllll1ol41polarisations were detemneli.. "or rotational speecinot exoee-

diJlgReynolci'. number11,000, ohwcal poUirisation was found to be negligible.
in COIIlparillOnwith concentration polarbation. Under ncb conditooll8, the

terro.ferneyanide couple CllJlbe conveniently need to obtain _ee trllJlsfer

retes for Tenous hydrodyDalll1cconditione, or conversely, to "U-rify the

vali~y of lIaee tronster equations by a cOliparisonof GXper1mentaland

calculated values ot 11Ill1tiJlgcurrente end conoentration polarisation.

'!'he totating ele ctrode modelused by thtlll vas found to be !lost

suitable for Btudyingthe nr.ture of electrolyte polarization phen.em

beoaUlleof unit'ol'll1t)' of current ci1etribution aJllithe bydrGdyllalllicci1ttUllion

la)'8r at the eJ. ctrode eurface.

Howner, all these worke reported aboTeare recent. It WallBrunner

(15) in 190' whotirllt etudiecl the ettect ot rotation upon the rote ot II&B'

transter. H. expreseed hill tinci1Jl«Bin thetora ot the ditful10n layer

thicmees I

end is detined by 11*

s _ 0,05

(l'f!/A)2/3
DAC
£

•••••••••



Since he did not take into condderation the eftecteot rotor dieeter or

those of the physical properties ot the electrolyte, onlyqlantative deductions

can b. madetlr difterent exper1menh.

illsonberg am his associates (49) in a rEl'tiewof works on allied

tflplce report that the methodsof hydrodJlWAiceweto.applied for the tirst

timt by Xuckento predict the effect. of. forced convection upon the rates of IIIlSS

transfer at an elllctrode. During their ownsXperiaents, IUsengerg at al

obtained results wbichlead to tbe conclusion that

~ ~~ .-yM Sc - Conetant g (Re) ••••• (29)

Where g (Re) repres.nte a functions d:tbe Reynold'. rmmber.Themass

t1'llll!lfercorrelation for the two.•• etrolytic reactions, cathodic reduction

of ferricyanide end enodic oXYMtionof ferrocyanide showtbe follo1dng gene1'lj1

relati onebipl

ht (50) haa reported that between160 i.ReL 1000 .

ani f.or 10oo!. ReI. 12,600, Wagner(66) Toported
Nu •••5.96 Re 0.56

The sharp change in tren,sfer coeffiCients on trensition froa laJdnsr

to turbulenl; flow has al80 been observed by Lin and hie assoCiatell (7).



'1'hemuchemployedrotating electrode technique was also ueed by

lIakridee in his Iltudyof anodic diBeolution or iron in eu1phuric acid and

ferric lIU1phatelIlolutionll.In an enalYlllllof the diesolution potential.

he expressed the dependenceof potential on hydrody1lalll1cfIDInow cond!tions as

II •• ba log V (1./5) + (Constant) ••••••••• (2-1)

Where. V co Linear -..eloc1ty

ba co Tated elope

~- Coutant

'l'he rotating o)'lillier methodotJreallUr.ent ill claimed to haTe 'the

advantage that all parte ot the surtaee mon vith equal velocity. 11so, it

is euppo.eedto posses the added advantageot a unif'rm DaSlltran~ort rate

over the wholeof its lateral IlUrfaoe.But it hall not yet been poesible to

ea1cnlatil ~ u a function of rotational speed. It alBObardly seEl.1leto

repreeot a situation wich can be found under ordim.ry practicel conditione

excepting of' course the paddlee,Btirrere !l1ld other kind.

Ricent iuvolltigatore in the alliH. fields have been taking into

consideration the biportance ot the gradual tOJ'llll.tionof boundarylayer on

an electrode. The in.•.•etigatiou on'thle line has been carried out by Grae_l

et al (IY) in sCllledetail and describes a Doveltechnique tor studying IIUCh

effeet •• Wranglenand Blltlllon&leotook into cone1deratiou thi. factor in

their thoor8tical and practical analysis of mass transfer under forced lllll1nar

and turbulent convection at horizontal plane plate electrodes. !hey expresseci

their. reeults u I
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auPT&R _ V

.PRJ,C'l'I ClL WORK ON .MASS 'l'RANSfiR . It!! m.&CTRODIi

'!'hepurpoee of this experimentV~Q to etudy the mass transfer rate

at v.rtlc~l e18etrode both in natural and forced convection inoluding tJIIe

effect ot rotational speed of the electrode on lIa88 tMl1efer. The reviov of

the literature presented in the last chapter ehowethat manYlluthorshave

studietl the mase t ransfsr phenOlle1l9.on an electrodeeurfB4e - mOllltCOIIlIlIon

being tbllt of surface acting cathodically. Theyhavs presented their results

in the form of relationships betweendimensionless groupe. In the preeent

cae. similar attempte weremadewitil. copper sulphate in sulphuric acid solu-

tion.

i:gler1aental Detaile

a) Appar.tue.

J. concentric cylintlrical cell, 7 in high, mad. of copper lilllB

inoorporated ae the mass transfer equipaent. Theanode Vllsllllldeof 4 lI.

16 B1o'G pipe am the c~thod. of 1 in 16 BWG pipe (i. e. anodeWallkept eufti-

ciently ~gger than the cathocie). Thehelgtit of the cell wae7 in. Dle

llJlOd1ocylinder wasmountedon a groovedacrylic plaetic (lucite) sheet.

Onthe top was a eilllilar grooveciplaetic sheet. 'l'hetop and bottOlllsheete

weremadeto hold the anodewith the help of four long bolte. The cell vas

_tie water light with rubbllr gaskets placed in the grooveeof the bottom

eheet. 'l'he cathode _II placed centrall,. through two bell bearings mounted

at the ends of a. gllllld, aade of brll.8s, fixed centrall,. in the top lucite

sheet to fac1litatetriotioJ:l1ese reTOlutionof the cathode.



To avoid metal to metal contact of the cathOlieend the bearing, two PVC

buehell,.,.,reIl!ountedon the cathode tube by hlltlting.T!le bushes were then

turned on lathe to enetly fit inside the innder face of the bearings. The

entire cell waethen fixed with the help of four bolte on tw 2"l[2"It" l16ltl.

angle fremeemountedagainst the Wafll! (eee fig. 3) with the help of r8wl

bolts to avoid ~bretion. All.arrangelllllntn.s lIIlldeto rotate the catbod.eby

a frectional L.P, D.C motormountedon to the waewith the help of'special

fittiDgII on tm top of the cell.

Two12 .voltestorage battedee were Ulledto rotate the motor.

The .peed of the motor Wllllcontrolled. by controlling the supply voltage

with the help of a 27 ohll rbeoetat. Couplingof the motor e.n:ithe cahtode

Will!!•. de with the help of a eboDite rod to avoid llb.ort circuiting.

Twoholes nre drilled through the gland and the top of luni te eheet
•

to carryout deuration before l!ltsrting the experiment. !nother hole was_de

in the bott:Glllsheet to whichon&eIii of'a tran6p8.rent PVC pipe wallin61'lrted

tightly ("'ster tight). The other end of' the PVC pipe Wi. donnected \11th the

bottom end.of a atoppered funnel put on a stand into which the reterence

e]octrod", Williused.

The elfctllodelength wasmQint~inedat 0.,2 em. The inflide of the
"11',-'

cathode liaS plugged with the help ot e. ebordte piece. The rest of' the cahode

leqth wat!protected by !l hee.'V)'polysteryne coating. !b

one 6 .volt storage battny 101M used to flUpplycurrent to the cell

through a series of variable reehtancee. mll118lll11latere.n:lIllilliTolt1lleter

were used to measuremilliellPeres and 1Il111ivolterespectively.
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Millivolts ~!eremeasuredegainllt a Iltamltro calOlllelelectrode inellrted in the

.Eoluti cn.

At the beginning of oach r.m the nnodoend the oal'hodevere abraded

with fine emerypapor and thin degreased ••1.th acetcne.PolyllterineoOllting on

the cathode was renewedas and wen required. Thecell Yallthen ree.selllllbled

em placed in prositiOl'l and filled in with freshly prepared copper 8Ulphde

am .lJU1phuricacid solution of prlldotennined strength up to the reqiired

level at about 260c. Nitrogen gae WIle then pe.aeedinto the BOlutionfor

150 Illinutes to removeany dissolved oxygenin the !!Glutton. Presenoe of 8

cons1dorableBIiIountof diesolved oxygenin the cell would.h8veinterferred

'lith ele ctrodG reactions.

Value of the electrode potenthll with1no current( flow (ZCP)ve.s

l1ee.euredwith the reference. Thesewere lat.t.er subtracted (with proper e1ga)

frOlllthe 'at current values I. ThUllany Iltatic potential diUerencell due to

variations in surface structure of the eleetrodes could be aocounted for •
•

Arelatively small.curront \illS applied .arr:lthe potent1a.l of the eltetrode

wu recorded by e.mill1volt!neter affect the steady Iltate waee.ohieved.

current vas inoreased in ~nll incremente until the limintiJlg current noted

b1a suddenl'i8e inpotentinl \laS atte.ined (in thie experiment thill could

not be achieved clearly).

'l'he experimentVIlacardedout at ete.ga!tntcon:iition and at the

difterent spesd8 vith 0.1 mole copper sulphate in 1 mole sulphuric acid lIOlu'-,

tion. Wi'll 0.2 mole copper eulphate in 1 mole eu1phuricacid solution ODll
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run was cerr!edout at et"gnent condition (limiting current could not be

obteJIl8d at ill.

Reeults And DiecullBioBIl

Currem.densities were plotted agllinet the eleotrode potentia 1.

Thecu.rv&Bohtftined were not at all. se.tisfactory. Lillliting currents could

not be obtained dietinetly. But tlle effeot of IllaSIl trImeter on rotational

epeed WIlSto someextent clear (eee ere-phNo. t) that i B the higbe.r the

rotational opeedthe greater the current io masl'!tranefar.

With 0.2 mole oopper eulphate end •• 1 1llO18eulphur1c aoid solution

at stagnent condit10n no traoe of 1imiting ourrent. could be obtained Il.lXi as

such the $:zperitlentWII.1lnot carriedout with rotating eleotrode (eee graph Ni.2)

Onoeat etaf!net condition, 'With0.1 mole oopper sulphate ani Hi sulphurio

aoid eolution l1m1t1ngcurrent valli obtained very distinctly (graph Ne. 5)•.
But after di.MteJ.ling the oell a large ,portion of pelyotorino (:oating at the'. 1"-... I, .-
1»ttoa of the eleotrode (oathod.) walltoUJld~brokenwhichaight have happened

at tlle tme of' e.eeemblillgthe oell. The proteoti ve ooating 'Wad reapplied

on the lU>lllagedportion aDd the sallieexperiment vas repeated whenno diet1nct

limiting current vas obtained (graph _ a).

While invellt.igatillg the reallon far- not getting the limiting current,

it wae foUJldthat instead of measuring the elect'ode potentJal, lR drop

llccrOIlSthe cell \1!iS being measuredhecI'J.uaethe \/bole cathode Wee madeof

ClonductinglllA.terial (oopper) and the polyster1ne coating on it wa. acting all



resistance the electrode area coneidered forrell ..:-t1onWo.s very small (0.2 om)

in comparison to the whols cathode eree. 'l.'his 11M! the reaeon to get limiting

current whena large portion of' the poly"terine ']OtrthltI \16.13 1!n"oken.

However, it Illust be mentioned here that the IR drop accross the

solution was very ineignifioatnt as compared.to that accroes the thin

polyatyreneC08.ting( an insulating material ). As 6I1chin all the potential

reading an error had erept in.

Due to the reasotlll m..lntionodabove expected rel9Ultll eould not be

obtained. Sine lir.l1.tille ourrent is directly pJ'Oportion'-ll to me.satranster

coetricient (equation 8), mase transfer correlatione could not be es'tablhbed.

Du(l to the ~ortage of time the experiment had to he poetponed

e.t this stage.

Sugg.lltionsfol' future work.

Fromthe <l.bcuaeion it baD been made clee.r that the cathode' (rotor)
~

mou.ld not be 1Iladeofcoriduct1ng.lIiateriartoavoid tho flituation the authorv- V'

faced. Ande.II8Uchit is felt that the ll~thode (rotor) Ilhould be made of an

inl9U1ating material viz. ebru1te, PVC, On the lover paet of the insulating

rod a detachable copper ring has to be mounted which will act ee cathode.

Special artllDf\llent ill to be made for making Gllectrical oonnection \lith the

said cathode ring.

The effect of mass tr8tlllfer on eleotrode length lllaYbe studied

by varying the ~e:l.dth of the detachable copper ring.



with the e~eltietIl1l8t1onm th little modification the effect of

1llll.81! t.ransfer ol1cyllnder (lll'lOde)diemeter Ille)' else be studied 8e done by

!£isenberg, 101.lit. d. (45) on a different B1Bt••
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IOLlftZOI 10. I.

0.1 "Ie ORa-., .,,0 1D 11.,80.

An•• t ~. Catale4e .1.11.2

IN ~ Miill- Miill :> CerrQte4 1I11U- 1(1111 :t Cerreoht
tV) ..,. YoU. U. Ira, .1', ay.

Keti. -II OOOU ell 0.01. .UI 0.. .ao 0.'101 .ft
lU'!If 0.010 .11 0.01'11 .u. 0.. .1t.1 0.11" .7101
(lholb) 0.011 •N OoOtl. •11' 0.17• .1".1 00iM2 .'10 •

0.100 .11 0.0lIl .u. 1.000 .110' 0.1120 .1101
0.121 .Mo. 000lt0 .Ulo. 1.011 .1•• 0 O.H$I .1100
0.110 .11 0.01&1 elll 1.010 .1100 0.''111 .'''0
0.111 .11 0.0lIl .111 I.OTI .1", 0. •••• .""1
0.200 -11.6 OouOt .110.5 1.100 .11 0.1071 .72
OoZU .1000 0.1&. .101 1.W .11 0.1110 .71
OOUO ••••• 0.1110 .1080• 1.110 .11 0.1MI .70
0.271 •• 0.1111 .1OT 1.175 .10 0. •••• -II
0Qll00 .., 0.1111 .101 1.100 .9.t 0.1It. .....t
0. •• ••• o.lf" .106 1.100 .11 0.1UO ••0.110 •iI 0.1111 .1Ot 1.11$ 0 0.&111 -It
0.171 .ta 0.1070 .101 1.800 +1 0.. ."0.400 -t2 0.2211 .101 1.100 +t 0._ -10
00t21 .«) Ooua .tt 1.toO +1. 1.06 .ta
o.tIO •••• 1 0.&••• •••• 10000 "'" 1.101 -It
0."1 eI' 0.2112 ••• 10100 +u 1.17 aU
0.100 .M 0.&'10 .N &.400 +40 1.RI .1t
0.121 .IT.I 0.28tI ••••• &.100 +it 1.sao .11
o.NO •N 0. lOA .M 10100 +iT 1•••• .1&
0.171 .It 0."" .9' 10700 +sl l.tIO ••o.eoo •u 0. au .tl0._ .10 Ooaao .Ii
OoNO •• tot 0. ••• -ea.t
0..71 -tt 0.1721 .11
0.700 ••• 0. ••• .87
0.711 -2'.1 0.4001 .ee.1
0.'10 •• Ooflto .11
0. .,.,. ell 0.." aM
0.100 ••••I 0•••• •••• 1
0.811 .u 0.'5" ••0.110 .12 0.••• .11
0.871 .&1 Oot8lO .80
0.IlOO -10 0..'" ..,.



SOLUTION 110. h.

Bl'H ZCJ? HUll- U1l1i 1> Correoted
(MY) Amps Volt! U.

J.ov .st 0.10 -55 0.&56 .112lU'H
(1holt.) 0.20 .SO .0.111 .-109

0.50 .45 0.166 .1040
0.40 -'0 0.221 .99
0.50 -16 0.276 .95
0.60 .52 O.SSl .91
0.10 .so 0._ ~
0.60 -28 0.442 ~87
0.90 -28 0.49'1 ",M
1.00 e2S 0.555 ~82
1.10 -21 0.807 ~
1.20 ~O o.ees ",19
1.10 .19 0.718 .18
1.«) .18 0.1'1' . .17
1.60 .14 o.eso ~7S
1.60 .10 0.881 -69
1. '10 • 1 0.9«) -eo
1.10 +6 1.Oti -"
2.10 10 1.UI ..49
2.20 14 1.21a .45
20.0 21 1•• .18
2.50. 26 1.1S .M



IlOLtI'lIOR 10. 1.
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SOLU'J.'IOB JlO. 1.

1'lHI zep Hi1l1. Hi1l1 •• Corrected
WI) •• VOltll MY

Stapent .0 0.025 -&1 0.0158 ' .106
liolutioll 0.060 .&0.6 0.0276 .l0Se5(broOD
Fol,ate. O.O'1s' .&0.0 0.004 -105due O.UW .50.0 O.OS52 .1OSeoating)

0.125- '!" so.o 0.06ll0 .105
0.1&0 .50.0 ' 0.0628 ~105
0.115 .&0.0 0.0966 .105
0.200 .60.0 0.1104 -105
0.~5-, 049.9' 0.1242 .101.$
0.250-. ' .49.8 " 0.1180 .104.8
0.275' .49, 0.1416 .10&
o.il(!9 .48 o.Ul1e .101
0.826 .68 ' 0.1754 .101

: 0.810 -48 ' 0.1_ .101
0.1'1& .47.:5 0.20Z0 .102.&
0.400 -47•• 0.2168 .102.5
0.425 .47.S 0.2808 .102.5
0.450 .47 0.24« .102
0.e7S .47 0.2682 .102
0.600 -4&.i5 0.2720 .101.5
0.526 .46e'S 0.28&8 .101.5
0.550 .45' 0.299& .tOO'
0.616 +CO" 0.1154 .16
0.600 45 0.112'12 .10
0.626 20 0.1410 .15
0.650 25 O.5MB -15
0.675 20 o.aees -SO
0.700
0.760 20 O.ClOO .55
0.175 10 0.4218 .46



SOLtlTIOlillO.I.

ad __

miiIZCP Kltu..
~

Corrected
(KV) Amps. Volta NY

stagnent -S2 0.0&0 •18 0.0216 . .88Solution 0.100 •SO O.tIIIS. ••(.tter
repa1r111g 0.150 .25 0.08S1 .17
the PUYG- 0.200 ..ao 0.111 .'12ter1tle
Coating) 0.260 .li 0.138 .61.

O.lIOQ .10 0.166 .62
O.lItiO •• 0.19SS .&6
0.400 +10 0.221 .42
0. 'SO 20 0.2488 ••
0.600 10 0.2'16 0022
0.550 59 Q.l504 .IS
0.600 4S O.Dl .'1
o.6S0 48 0.1$59 -4
0.'100 10 0.386 .2
001SO 1006 0.4.15 .1.&
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I?W'lIOIIC'I •.
0.1 •• 1. 0.11104'rJI,,0 iD 1 Hob a,aot..

.
ZCP Hl111. JIUll -. Cornet_ JfUl1. tUlU

~
CorneRed

"p•• Totti. JI1' --. Voll. n
&tap. .10 o.ots .M o.OlS8 .U8 0.616 10 0.4190 .so- 0.060 .57 0.027& .117 0.100 ~ 0.4928 .20CoJl41-
tioD 0.076 .18 0.0414 .IUS. 0.9S0 flO 0.S204 0

0.100 .&5 0.0562 .Us 0.9'15 111 0. ••• +18
0.10 •1' 0.0fS90 ..J.14 1.000 I• 0.S480 81
0.110 .51 0.0828 ~11$ 1.W 141 0.1818 81
0.17& .11.5 0.09H .111.S 1.050 140 0.6756 80
0.200 .SO 0.110' .110 1.07a 140 O.58M 80
0.226 ..- 0.1242 .108 1.100 119 o.eosa 19
0.210 -4S o.lll41O .105
0..'& e42.S 0.1478 .102.5
0.100 .lS8 0.1616 .is
ClClIIU .36 0.17M .95
OolllC .lJ2 0.1891 .91
0.17. ~e.5 0.20s0 .8801
0.400 .a1 0.2168 .88
0._ e25 0.1&)& ~IS
0.450 -!S.5 0.2"' .ea.S
0.611 .12 0.2S82 .112
0. au -U 0.2'120 ~el
0.126 .20 0.2858 .80
O.AU .',8 O.IM .7'
0.115 .1&.& 0.1154 .1If1
o.a .14 O.R'12 .• '1'
0.625 .12 0.H10 .ft
o.eso .10 0.1&48 .70
e.G'll ..a 0.1886 .t8
0.700 .5 0.1824 .0
0.72& .a 0.1_ ••0.'10 +1 0.4100 ~
o.77S , 0.4&18 .SI
0.800 17 0.4IfG ~"
0.810 II 0.4U .18
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SOumOl1O 5.

0.2 Mol. OIlSo,,-m,,0 ill II Bg So4

IU'H .CP Xl Corr.ctecl
~

rrectecl(ill
MV MY

stae- o.aes O:Oh8 .li1 0.8i6 0:48&2 .105
nat -64 0.050 .CIS 0.0218 -121 0.815 .40 0.4780 .104CoJl4i-
'-lOA 0.011 .8& o.M14 .126 o.eoo -40 0.4818 .104

0.100 .12 0.01112 .126 O.f)2S .18 0.5088 .102
0.121 -et o.oao .t21 o.tSO .18 0.5204 .102
0.110 -et 0.0828 .121 0.915 .lIT 0.55U .101
0.17& .61 0.096G .125 1.000 •• 0.&480 .100
0.100 .eo 0.110& .124 1.026 -II 0066le .100
0.221 .60 0.12U .124 1.010 .U 0.&1. ."
0.260 .&t 0.1840 .1215 I.m .15 0.lIN .Ii
0.275 .19 0.1418 .1215 1.100 .M 0.6012 .18
o.llOO .&8 o.UIll8 .122 1.121 .M 0.1110 .18
0.121 .58 0.1754 .122 1.160 .111 0.8l508 .rt
o.UO -lIT 0.1_ -121 1.17& .U 0.84M .t7
0.&75 .58 0.Il1O .120 1.1Il) •11 0.85M ••0.400 .lla 0.21. .120 1.2IlI .ll2 0.6'122 .tec.. .is 0.2101 ••U9 1.tIO .Il 0.88eO .95
0.410 -U 0.1"' .JlI 1.271 .Il 0._ .N
0.47& .54 0.2182 .1Ie 1.llOO .so O.71lle .M
o.llOO ••• 0.'720 .111 1.1511 .so 0.'174 .N
00li215 -sa 0.2818 .111 I.UO .10 0.7411 .N
0.110 .&2 0.2196 .116 1.1'5 .so 0.7UO .M
0.571 .&2 0.11&4 •.UI 1._ -II.' 0.7821 .Illo'
0.800 .&1 0.8212 .116 1.410 -110' 001tM .e105
0.. .51 O.MlO .11& 1.47& .u 0.8102 .91
0.150 .ft 0.S$48 .111 t.EGO -2. 0.8240 .U
0.815 •• 0.1688 .112 1.600 -2801 0.81&2 .9001
0.'fClO .<1, 0..<1 .111 1.1&0 -21 0.9118 .st
0.'121 .U 0.1182 .109 1.'100 -U o.QSN .st
0.'110 .(4 0.4100 .108 1.110 .240& 0.11610 .sa.&
0.'1'11 ,!U 0._ .107 1.800 -14 0.••• .88
0.800 .42 o.UY8 .t08 1.8&0 .21 1.0221 ...,
0.. .42 OOW4 .108 1.900 -22 1.0ft8 •••

CoIlW.



SOLtlTIOI JiO. 15(Cont4)

RPH 'ZCP MiUi- Corrected Milll. Hilll
~

COrrected
s. NV • Volts MY

1.910 -20.6 1.0774 .84.6 3.160 71.5 2.0710 7.6
2.000 .20 1.1060 .86.0 S.800 72.6 2.0986 8.5
2.050 .11 1.11526 .81.0 15.860 74.0 2.1262 10.0
2.100 .15 1.1602 .79.0 3.900 7505 2.1688 11.6
2.160 .16 I.Un8 ••79.0 15.950 '77.5 2.1814 115.6
2.200 ' .12.6 1.21" .16.5 4.000 79.0 L2090 1600
2.260 ~lo.5 1.2UO .14.6 4.060 19.5 2.2866 1605
2.800 .e.O 1.2'106 ~72 4.100 80 2.2Gf2 16
2.860 .6.0 1.2982 .70 4.160 SO 2.2918 16
2.400 ~ 1.15268 .68 4.200 61 2.1111M17
2.460 .1 1. 85M -66 4.260 61 2.15470 17
2.600 '+2 1.8810 .62 4.1500 eo 2.15146 16
2.660 60S 1.4088 .68.5 4.1560 eo 2.4012'~ 16
2.600 5 1.4862 .65. 4.400 60 2.4288 18
2.850 12 1.4638 eS2 4. 'SO SO 2.4514 18
2.700 15 . 1.49lf ~9 4.1QO 80 2.4860 16
2.'150 20" ' 1.6UlO ~ 4.660 80 2.6126 16. .-' .•. _r. . .

2.800';'::,:,~,.::\,\r.':.•1.liC66 .41 4.600 SO 2.~ 16
2.900 "so' 1.6018 ~
2.960 as 1.6294 .al
15.000 118 1.6570 .28
15.0!0 40 1.8846 .24

. ' 15.100 42.8 1.7122 -21.6~:-~.•.
1.160 C6 l.nes .18
15.200 60 1.1614 .14
1.260 61.6 1.7960 .12.6
8.800 65 1.5226 .i
8.350 51 1.8520 .1
l5.(()o 60 1.8774 ••
Sef50 611 1. 80M .1
15.600 66 1.9SS0 +1
l5.660 61 1.9608 II
l5.SOO 89 1.9882 6
l5.6S0 70 2.0168 e
8.700 70.6 2.004 605
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