Lawrence Berkeley National Laboratory

Recent Work

Title
THE POLARIZED, DIFFUSE DOUBLE LAYER

Permalink
https://escholarship.org/uc/item/74h9i92\

Author
Newman, John.

Publication Date
1965-02-01

eScholarship.org

Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/74h9j92v
https://escholarship.org
http://www.cdlib.org/

UCRL.-14924

University of California

Ernest O. Lawrence
Radiation Laboratory

THE POLARIZED, DIFFUSE DOUBLE LAYER

- w

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545

Berkeley, California



—————

Submitted to Trans., Faraday Soc.

c— -—.7:-"-:&"_—'—

UNIVERSITY OF CALIFORNIA

Lawrence Radiation Laboratory
Berkeley, California

AEC Contract W-Th05-eng-48

v !

THE POLARIZED, DIFFUSE DOUBLE LAYER

John Newman

February 1965

!
|

- —

UCRL-1192L



.7

THE POLARIZED, DIFFUSE DOUBLE LAYER
| John Newman
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Lawrence Radiation Laboratory,. and
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ABSTRACT

A singular-perturbation expansion of the electric

7-fie1d and the concentrations provides a rigorbus Justi-

. fication for dividing an electrolytic sqlution into

the diffuse'part of the.double layer at an‘ihterface

and a diffuéion layer on the solution side of the inter-

face. At the same time this expansion provides-a méans»
for calculating corrections to the equilibrium electric

fleld within the diffuse part of the double layer.



'INTRODUCTION

Electroneutrality prévails-in(the bulk of an elec~

trolytic solution, but near an interface with an elec-

trode or with‘an insulator there is a region about 10 to
100 angstroms thick in which there is conslderable de-

parture from electroneutrality. The whole Iinterface is

'referred to as the electric double layer and includes,

possibly, a charge layer in the metal phase, 1f any, a

.charge layer of "specifically adsorbed" lons at the inter-
: face, and'a'diffuse part of the double layer which extends

a short distance into the electrolytic solution. The

double layer as a whole i1s electrically neutral, but

- each part of the double layer may have a net charge.

It is natural to try to treat separately processes
In the electrically neutral solution "outside" the double
layer and procegses inside the diffuse part of the double

layer even though both regions are in the electrolytic |

‘solution and‘there is no sharp boundary dividing them.

Thus, for mass transfer studles it is the practice to

- include the effects of the diffuse part of the double
vlayer in the boundary conditions describing the behavior

’bf the interface. Conversely, it i1s desirable that the

behavior_bf the diffuée part of the double layér'be

characterized by the concentration at the "edge" of the -

double laYér.and by the current passing through 1t, but

should not depend directly on events far away from the

interface in the liquild phase.
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We have achleved here a rigorous Jjustification of

“this separation of the electrolybic solutidn into two

reglons by means of singular-perburbation expansions
of the electric field and the concentrations. A singu-

lar perturbation consists of two perturbation expansions

’ 1

valid respe¢tively in the regilon far'from_thejinterface
and close to the interface. Since these_are two expan-~

tions of thevSame_function, they must "mateh" in an

_intermediate"region. F(A more preclse statement 1s that

the outer limit of the inner expansion colncides with

the inner limit of the outer expansion.)

The reason fof constructing tﬁo guch perﬁurbation‘
expansionsbis that,different approximations are valid
in the two regions. In the outer fegion (in the bulk of
ﬁhe’solution), one can.neglect deviations from electro—'

neutrallty aé-a first approximétion. " In the inner

region'(near the interface) it 1s permissible to neglect

_ convectlon. Furthermore, the electric field can be

quite large in the double layer‘evén in the absence‘of

current; and the disturbance due to the passage of cur-

“rent can be. treated as a perturbation.



STATEMENT OF THE. PROBLEMN
Ve illustrate these principles for the case of
a sjmmetric, binery electrolyte. If dilute-solution
tneory 18 apnlicabley then the concentrations-and'the

electric fileld are to be determined from the equations

a / D.F | de de, _
‘aif.<z“ﬁ‘fr"°+€-‘D+aT>+"yar=ow (1)
g D F de_ de_ '
i <-—Z T c & -D_ - + Vy -a-s-}-—= 0, - | (2)
g€ F
‘a‘&‘— E‘AZ<C+‘— C_)- (3)

The first two equations express conservation of cations

and anions respectively, while the last is Poisson's

equation. Tt is assumed that the Nernst-Einstein rela-

| tionshin: between diffusion coefficients and mobllities

is Valid; thet a steady state prevails, and that the con-
centrations and potentialvvary only in the y—direotion.’

These equations are to be solved subject to the

following four boundary conditions:

l._iThe.average'concentration is C,, far from the,surface;
L 2. The cation fluxﬁi‘is speoified at the interface.
 '3. The anion flux N° is specified at the interface..
4. The total electric charge in the diffuse part of
"vthe double layer (and in the diffusion layer) is. g.

A realistic velocity proiile, Whlch we' shall use

for the convective veloc1ty, is

Ty o 1
vy = - AYT . - (4)



‘This could correspond for example, to a rotatlng disk

- at hlgh Schmldt numbers, in which case A is given. byl’2

A = 0.51023 05/2y"%/2,

It wiil become apperent later that the first eeverel
terms ofrthe expansgions describing'the diffuse part of
the doubie’la§er will remain valid for other hydro-
dynamic conditione.

It is convenlent to use dimensionless variables
Therefore, we deflne

a) dimensionless concentratidns and charge density

et c_ ¢, -c .

G . - + - '
CEme o S = = P= cex T (%)

b) dimensionless electric fleld and position.
Hveoerdinate
E=Zz2 , x=y/N, ~ (8)

 ¢) dimensionless fluxes

_ .1 3D\1/3 LD, R E NP
2cy \ A/ D D. T 2¢, \A D, ~D_/ '

o

-+ " —

d) vdimenSionless'parameters'

D, -D_ S N1/3 .
= (AN .
T 5‘7;13* ;0= <35> Moo (8)
where.
2D+D o - o - .
D = is the diffusion coefficient of the
, D++D_ - ‘ o SSTT T

_binary salt.



A= ——Eﬁg——'is the Debye length.

ZZ?F Cx
cy 1s the concentration just "outside the double
layer'™, which will be defined presently.

In terms of these dimensionless quantities, the
differential equations become
| 3.2

¢+ 35°x C = 3rd

i
p + 363x2p

szp i (pE)'

]

3r6°%%C' + (CE)'

!

p=E,

where primes denote differentiatien wlth respect to x.

e'These are to be solved subject to the followlng four

boundary conditions:
1. C—»C_as X —> o .
2. %a=pE.-C' at x= 0.
3. 8b =CE - p' at x = 0.

| l—K2 VZZFQ%X
where K is defined by the last'boundary conditien

The peruurbation parameter is 5, which represents

(9)
(10)

(11)

a ratio of the Debye length(characterlsulc of the dlf—'

‘fuse double layer) to a length characteristic of the

thiekness of ﬁhe diffusion layer. Since 0 is of the
order of 10"5 for most aqueous electrolytic solutions,

the prospect of a useful perturbation expansion is

‘promising.

Different indépendent variables are used in the

inner and outer expansions. The inner.varlable 1s
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E=X=y/>":‘

which serves to stretch the coordinate so that X is

~of order unlty in the diffuse double layer ‘The outer

variable is

e
1
.o

5D>1/5

'SUMMARY OF THE PRINCIPAL RESULTS
.The eleotric-field and the'average concentration -
can be expressed as _
E = (x) + 6E (X)) + 651 x' - Bb +(:) (12)
C[? T (x) + C (%) + 6@1( X) ~ (1-5aX) -+(:) . (13)

"These expressions are unrrormly valid up to order 62 over

the entlre domain of-x,vboth inslde the diffuse double

- layer and in'thelrevion outside the doubie layer; The terms

E and C descrlbe the eleotrlc field and average concentra—.,_

tion in a diffuse double 1ayer at eoullibrlum The terms

o~

EO and Co are.the first approximation to the electric

field -and the concentration in the region outside the cdouble

layer as calculated by the standard technlques of diffusion

theory. The . terms Ei and Ei represent the corrections to

"the.equilibrium'situation in the. diffuse double.layer to

account for thé passage of current. The terms &b and ( 1-dax)

. serve to cancel overlapping terms already included twice.

The'various terms are given aS'fOllOWS:
—'> - 4K 'e -X
ot vl_ng—Zx

(14)



’C‘O(SZ) -1 + %—Ei (15)
s s .
50(£) =1 - a\/ﬂx e * ax. L (18)
o . :
_ 3
B (%) =v61_ b - ra(e™ - 1)1. (17)
o '
51(2),;’ EE -ax . R | (18)

fEi(E) satisfieé’the linear, nonhomogeneous differential

-equation o

B - (1+2F)E = - - e, (19)

wlth the bqﬁndary conditions
|  E = (v +ra)/C, at ¥=0. | (20)
l. E; —» b as T — ©. - (21)

This givés'a'clearly,defined, linear problem‘fdr theb
perturbation,of‘the electric field in the diffuse part
of the double 1ayer. Weichoosé!to leéve this problem
to a;mdreverudite mathematician and instead adopt the

approximation. .
E_®4re™*

o << 1,

80 that the solution»forkﬁi is

E; e (b4 ra)/o, + aK(T 4+ X)) e 4 b(1 - ™). (22)

Even when E; ié not Small bompared to_unity; this solu-
- tlon 1s qualitatively correct in the sense that iﬁ_ -
satisfiés the correct boundary condition at X = 0 and
..behaves corredtlj as 27—~w 0.

: The concentratlon c* 1s

<’D>”"< SOR
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This'¢§ncéntration just.”outsidé the double layerﬁ is_
Just'whatlwould be calculated by.diffuéion theorvahgn'
the effecfs of the-diffuse double layer are ighored |
and electroneﬁtrality is éssumed (compare, for example:
Randles®, p.124).

| If we défine the {-potential as that part of the
potential drop across the diffuse:double layer which

‘ié not accoﬁnted for by an extrapolation of the outer
expansion of‘the’éléctric field, then the dimensionless

~ E-potential 1is

E=1t,+ 05 +QO0%) , (24)
where S A ' o - ’
. , S ds | ‘ |
_[wr= =y _ 37 4= ~ b¥ra’ N
&1 J: [El(x) - bl d < - b + 3aK. (26)
EXAMPLE

Let us illustrate these results with a specific

example, dissolution at an anode under the following

conditions - S SR
1=0.1 afen®.  N%0. 6 =0.05M=5x107" moge .,
56=10"Scoul/cm2. z=1.’ . Q=900 fpm=94.2 rgg/éec.
‘v:lofzcmz/sec, _D+:1O'50m2/sec, D_=l.2klo_scﬁ /sec.

relative dielectric constant=80. T=293°K. : .
From these, we calcuiété_Valﬁes-forfthe,following

' parameters:.

o o an1/E a
. D=1.09x10""en® /scc. %§> /_ = 1.91x10 Ycn.
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vN2=l.056x10-6mole/cm2—sec. c%=15385x10”4m01e/cm3.

5]

A=0.817x10" 'em. ©5=4.27x107°. = -0.091:

a=b=0;7156>_ K=-0.8654. Cw=0.361.
It should be noted that the dimensionless fluxes a and b
are of order unity as assumed and that & is quite small.

Thé'magnitudé'ofiK is so large that the maximum value

.oflﬁi 1s 21, and consequently values of Ei calculated

according to equation_(zz) are only qualitatively correct.

‘Figure 1 shows E—E&_as a function of position for
6 6

and <5==—10"5

th& Value of ¢ and also for ¢=10" , 0=-10"
coul/cmz. The'anntiﬁy.Eeﬁg'can be_regarded as the cor-
;recfion to the equilibrium electric field E5;as a result'of
the pasSage of current. The inner aﬁd outer expansions

-

are also showr: The composite expansion (12) provides a
smooﬁh'transition between the inner_and oﬁter expansions,
- but in thié case 5 is so smallvthat there 1s an obvious
region,ofXOVerlapjéf.the inner and outer expanéions.' Note
thaﬁ'thére ls no tendency for‘the electric field to become
anIOSCillating'function of poéition for ¥ > 8.07 (compare
Bass®, pp.1659-1660). | B
Further caléﬁlaﬁibns for 0=10;5¢oul/§m? show thatvv
Qo'corresponds to avC-potential of —79.0'mV while 6Cl
corresponds to a cbrrection of only.—0.34 pV. A desire

to improve upon such a small correction would not, we

think, justify solving forLEi (from equations (19),(20),

and (21)) without approximation.
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~Inner expansion

Outer expansion

- _5 '
I-4’_—" , / :"IO C/sz : .__
L o ==10"%C/cm?2 . .

= -6 2
w12 o : I.O.FC/cm —
b o= 10-5¢/cm? ]
lu?_ 1.0 -

S |

0.8 -

0.6—’_(?f.‘ 7- -
Outer.expansion - Inner expansion

O.4llllllllll.llLlll.'.l-lrll

1o o T 10 103 10* 0%

|

~ e

" Electric¢ rield in excess of "equilibriwm" electric field.
The diffuse part of the double layer extends to dbout X = 10:.

The diffusion layer lies between'X = 102 and X:= 3 x 104,

[Figure 1.|

St el

B
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THE BOUNDARY CONDITIONS
The first three boundary cbnditions (requiring‘spe¢i~'

 fication of the average concentration far fromvthe sur-
.face and the cation aﬁdAanion-fluxes at the interface)
. are straightférward and are easlly satisfiled in parefﬁl
'experimental work. 'Héwever, it is impossible to determine
the surface charge in the diffuse part of the double
layer without:resdrting to some model of the double layer.
‘Possible experimental-aids‘include elect:ocapillary curves,
double-layer capacitanées, and electrophoretic mobilities.
'NeVerthéless,'the assighment-of charge to the varipus
parts of'the'doublevléyer»is still not certain. The
reassignment of this chargé in the presence of éurfént
requiresva'modellof the innér parts of. the double layer,
‘and this model cannot be separated from the model used to

| deScribe the kinetlcs of théfélectrode process. Thus, it

is cleaf'fr¢m this analysis thaé the specification of

| this surfacetcharge_is neééssary,in order to describe the

- diffuse double layer and ﬁhat factorsnou%side the diffuse'
double_layer.determinathe magnitude of the sufface_charge,f
On the othef hand , it is also clear that’these"'
" four boundary céﬁditions are sﬁfficient. Bass® also
states the value of the derivative of the électric field
~ E'(0) at the interfaceras:a boundary condition. Thig is

not necessary.
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| SUMMARY AND CONCLUSIONS

| We‘nave-developed a singlular-perturbation"solution
~ of the problem of the polarized, diffuse double-layer.
This-procednre provides a rigorous justification of the
'use;ofwan-equilibrium potential distribution in the
';diffuse double 1ayer‘and of the ueual practice in diffu-~ -
sion theory of assumlng electroneutrallty and relegating
_.the diffuse oouble layer to a boundary condition. In
additlon, the method shows how to calculate corrections
to the electric fleld within the diffuse double layer,
rand, in particular, how to match these corrections to the
felectrlc fleld out31de the dlffuse double layer. In |
other words, the question of boundary condltlons at in-
zflnlty is clarifled
Even 1f an exact solutlon,-rather than a perburbation
' solutlon, were avallable, we should prefer the latter
'because it_would.be'31mpler’and because it illumlnates
the,classieal electrochemical'literature instead of ob-
scuring 1t.. It allows us to estimate the error'of the
classical methods 1nstead of trylng to replace them

The perturbatlon solution has an obv1ous advantage
" over the solutlon_of Bass_4 since 1t is'not necessary-to
' linearize the problem'in order;to find Eﬁ.. The problem
defined by»equations'(IQ),'(ZO),.ano (21) for the perbur- |
vbation E&ainvolves only.qnantitles characteristic of the
,double layer and not of the external:hydrodynamic-and

diffusion problem. - The separationvof the problem.of the
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'elecﬁrically neutral solution "outside" the double layer

from the double-layer problem 1s thus effected.:

Agknowledgment
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APPENDIX: AMATHEMATICAL-DETAILS..
Inner Expansion

Tet the inner expansions of the electric field,

-the average concentration, and the charge density be

—

=E=E_  + 05, + 5% .-+(:)

e o2
‘co + 8Cy + 8°C, +<:>(6

ST

I

= = - 2— . 3
.= p =P+ 0Py + 070 +(O(s

In terms of the"inner‘Variables, the differential equa-

| tiohs are the same as equations (9), (10), and (11). The

_inner;expanéions of E, C, and p are substituted into

these equations, and the coefficients of like -powers of

' © are equated to zero. This then gives a serles of dif-

ferential equations for the variocus terms in the perturba-
tlon series.
For the first term the conservation equations can

be integrated to give

3!
!
.-O]
. =
i
il
o

const

.Eq - C. E_ = const = O.,
where the second and third boundary cdnditions have beén
used to evaluate the constants of intégration. fSince
the inner solution must match the outer solution, Eg e O

as X = o, which implies, from the second flux equatlon,

that E also vanlshes

Since the inuegration constants-are zero in these

flux equations, the solution for E , C_, and po‘ls no

o’ Yo _
dlfferent from the classical problem of the equilibrium -
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double layer and is given by equations (14) and (15).

Note that Eg:ﬁg and that we have required 55 to approach

. unity as E'——w o, thereby specifyling the concentration

cy used to make the problem dimensionless.
For the higher order terms of the inner expansion,

the conservaﬁidn equations can be integrated to give

I

! .
n

o
o
=),
=]

o n o

|
]

Q
3]

!

n  “on- o

=

Cl’l = gn(x) s

S

where the second and third boundary condltions have

’ agaln been used to evaluate the constants of integratlon.

The functions fh and g, can be considered to be known;

for example, fl(i) = - a and fz(i) = Eiﬁi. By substi-

tuting Polsson's equation p = E; into the first flux

equatlon and integrating we obtain

_ X
Ch = EE, +J, +nJ2 .fn(x)dx,

where Jn is an integration constant. Substitution into

the second flux equation gives a second order, linear

‘differential equation for E :

, ' X
= _3_ = \F _ = — - —_—
El - (1+2E)F =EJ_+¢g, (D) + Eol\ £, (%) o

 Even though the solutlon of this equation is not evident,
- we can Tind hQW’Eh behaves for large E} without actually

solving it. If

gn(i) f~>’GO + G1§'+ Gziz + Géﬁv as E'——%rg,
then

Ep(X) — = Gy = 6% - G (& + 2) - 6z(X° + 6%) 28 X —> w.



- 16 -

"The‘solutidh for the varlous tefms of the inner
expansion haS'béen outlined above. An explicit sdlution
" has not been obtained, but 1t has been shown that the
seVeral ﬁerms of the inner'expahsion‘of the electric
.field obey lineaf‘differential equations which differ
only in the ﬁoﬁéhomogeneods part. (An approximate
solution could be obtained by assuming that_E% << l.)'
-Thé higher terms bf the inner expansion.stili have‘two
un&etermined integration coﬁstants, Jn and Eh(o). The
second will éventually be determined frém the fourth
_bbundary”conditiop, and Jn willl be obtained by matching.

with the outer expansion.

Outer Expansion'
ILet the outer variable be X = 5x and let the outer

expansions be

B=E/m = E + 058 +5°8, +(D(s%).
. o ~ . <2 3
C=¢Cc = qo + 8Cy + 8 CZ-+<:>(6-).
- | 2 <3y
p=p = 5P, +<:>(6 ).

In terms of the outer varlables the differential equations.

- become v
‘ G 433820 = R 4 (BE)T.
B+ 3P = 3R 4+ (TE)'. |
| =R
"Lq,.fThevfirst térm of the outer éxpansioﬁ satisfies thé.

equati o -t 251 _ o
~equation  Cp + 3ECy =0

o
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whose general solution is

CO = Cm + Po\/i e dx.
T VYoo
~ _z3
Since then C_ = P e , the electric fileld is determined
from = . - v - 3
’ ) 2 /o5 : L _ ~2 ""X
(COEO> = - 3rx P e’
with the solution '
‘ C e o . —-}‘EE
CoEo = Io + rPOe .

Thé higher order terms of the outer-expansion are
. obtalned 1in a stralghtforward manner. The average con-
centration 1s determined from the equation

A ~2m1 ~
C, + 3X°C = Fn(}.a)b
whdée general solution satisfying the boundary'cohdition

at infinity is

' ax U3 x 3 AX L3

7 - X ' -X -t ™ A -

g, = Pnf e ™ ax +f e’ f ¢ F_(t)as ‘ax .
o0 = o .

 The fﬁnétion F, is known; for example, El(i)_= 0 and
| F, = e Ey + (BLE) . |
Thefe,is then no problem in_determiﬁiné.ﬁhe elegtric.fiela
from thevequatioﬁ: | :
(6,5,)" = o, (%)
{

with the solution

T R T
CE (X) = = {In_+f G, (x) dx] .
C o) -
o
For the_outer“expansion,'the,charge density can

~always be determined from Polsson's equatibn; Each term
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of the outer expansion contains two undetermined integra-

tion constantsy P_ and In’ which are eventually deter-

n
mined by matching with the inner solution.

Matching
The inngr ghd outer expansidns of the:average
concentration are really two differen@ expansions of the
same function.. For example, we can say |
55(2) = Iim C(§) at constant E}
5—0

60(2) = 1lim C(X) at constant X = dX. -
- - b—=0 S

'_ TheSe afe two different 1imif processes performed on
_the same functlon 'Cdnsequently, thé fwo expanéiéns are
related .Thls matching reqﬁirement 1s that the inner
Alimiu of the'outer’expansion should be the same as the
. outer limit of the inner eypanSLon. Thié_is best under-
,'stood by means of a spe01flc example . |
| In the inner limit, as X — 0,

_ 1 , X 3
Cc =-Cw}— Po P(lBQ + Po}j;A e dx |

D 1y o op oo ~Nyod
=0y - B r(1z) + P X »+O(x )

and similarly
Cl (l——)+Px+O(x ),

0 +O)

“Thus the inner limit of the outer expan31on for the

B

i

concentration 1s

P 1y .- 1y o = 2 Q- ,
¢ = cw-Por(Jl-s—),+ O1-2yT (13)+PF] + 6 (8, (0)+2 %] +O)(e°

-
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This has. been expressed in fterms of the inner variable
X = x/6 in order to facilitate the comparison with the
- outer limit of the inner expansion.

On the other hand, in the outer limit as X —» =,

we have
T —> 1
,Cl e—v-Jl - ax
— 1 =2 2

1 =2 ah 1.2 1=2
Cp o Jp + 5 B - 5 E{(0) = T + 507 - 7 E(0),

and so the outer limit of the inner expansion is

27 - 2T 0) O

T =1+ 05(J5- ax) + 6°(J
Since this must be the same as the inner limlt of the

outer expansion, the comparison gives

' 1 . . _ .
Cy - Pof(lg) = 1. ' _ Py = - a.
S 1 _ .
Jy = - PlF(lEJ. .. Py=0.
o~ B 1,2 -} =2 '
cz(o) —nJ. + 5 b" - §-E1(O).

2 2
It is nécessary for the two expansioﬁs,of‘thé elec~ -
tric field to mateh in a similar fashion. Compafison'
of the inner 1limit of the outer e#pansibn-with~thé- |
outer limit of the inner'expansioh ylelds, for example,
I, -ra=h. I, = - Jlb'= 0.
From the matching 0pe'£herefére‘finds that 61 = 0 and

e

E; = 0. Other results are given in equations (14) through (18).
'~ The matching requirements, of course, also.apply to
higher order terms. We have carried this out for terms

through<:>(64) and have found no incohéistencies.» The



- 20 -

inner-expansion satisfies the bpundary condiﬁions_at

X = O, and the outer expansion satisfies fhe boundary
conditiens at x = w; Other integration constants,arising
oﬁt of the solufion of the differential equations are

determined by the matching requiremeht.

The Composite Expansion

The‘inher eipansion applies near x = 0, and the
outer expaﬁsion applies near x =.w, but in- the inter-
| mediate region there may be some uncefteinty?aS:toﬂ '
'which value to use. To meet tThis need, the composite ex-
pension is fdfmed by adding the inner and outer expansions
'fand.subtracting the  terms common to the'two expansionsQ
Here "cdmmon fermeh-refer tovthe‘oﬁter 1iﬁit of the inner
. expansion, which is thevsame as the inner 1imit of the
outer_expaneion.-'For'this problem the’composite expan-
sions'of the electric field and the average concentration
- are given by equétionS-(lz) and (13). It is easily showﬁ~
that the composite expansion is a uniformly—valid-(for 4

".all x) expansion of the function, C or E.
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NOMENCLATURE . -

diffusion coefficients of cations and anlons
(em2 /sec) :

component of the electric field in'the y-direction

(volt/cm).

cation and anion fluxes at the interface (mole/l
cmé-sec) . ' ,

component of the veldcity in the yedirection
(cm/sec) ..

‘distance from the interface (cm). .

0.89298.
dielectric constant (farad/cm).

kinematic'Vichsity of‘the,fluid'(cmz/%ec), -

total electric dharge in the diffuse part of

- the double layer and in the diffusion layer

(coulomb/cm?). .

rotation rate for a rotating disk (radians/éec)r
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